Tertiary volcanic rocks south of Anaconda Montana by Iagmin, Paula Jean
University of Montana 
ScholarWorks at University of Montana 
Graduate Student Theses, Dissertations, & 
Professional Papers Graduate School 
1972 
Tertiary volcanic rocks south of Anaconda Montana 
Paula Jean Iagmin 
The University of Montana 
Follow this and additional works at: https://scholarworks.umt.edu/etd 
Let us know how access to this document benefits you. 
Recommended Citation 
Iagmin, Paula Jean, "Tertiary volcanic rocks south of Anaconda Montana" (1972). Graduate Student 
Theses, Dissertations, & Professional Papers. 7164. 
https://scholarworks.umt.edu/etd/7164 
This Thesis is brought to you for free and open access by the Graduate School at ScholarWorks at University of 
Montana. It has been accepted for inclusion in Graduate Student Theses, Dissertations, & Professional Papers by an 
authorized administrator of ScholarWorks at University of Montana. For more information, please contact 
scholarworks@mso.umt.edu. 
TERTIARY VOLCANIC ROCKS SOUTH OF ANACONDA, MONTANA
By
P a u l a  J . lagmin 
B .A. ,  U n i v e r s i t y  o f  C o l o r ad o ,  1969
P r e s e n t e d  In p a r t i a l  f u l f i l l m e n t  o f  t h e  r e q u i r e m e n t s
f o r  t h e  d eg re e  o f  
Mas te r  o f  S c i e n c e
UNIVERSITY OF MONTANA 
March 1972
Approved by;
Chai rman,  Board o f ( t X a m i n e r s
e SchoolG r a d u a i
Date
/ . 1 ,  / ^ 7 X
UMI Number: EP37965
All rights reserved
INFORMATION TO ALL USERS 
The quality of this reproduction is dependent upon the quality of the copy submitted.
In the unlikely event that the author did not send a complete manuscript 
and there are missing pages, these will be noted. Also, if material had to be removed,
a note will indicate the deletion.
UMT
OisMrtation Publishing
UMI EP37965
Published by ProQuest LLC (2013). Copyright in the Dissertation held by the Author.
Microform Edition ©  ProQuest LLC.
All rights reserved. This work is protected against 
unauthorized copying under Title 17, United States Code
ProOuesf
ProQuest LLC.
789 East Eisenhower Parkway 
P.O. Box 1346 
Ann Arbor, Ml 48106- 1346
ACKNOWLEDGMENTS
Thi s  i s  an i nde pen de n t  s t u d y  conduc t ed  w i t h  t h e  g u i d a n c e  
o f  D.W. Hyndman. Many members o f  t h e  f a c u l t y  a t  t h e  U n i v e r s i t y  
o f  Montana were  h e l p f u l .
Ha r r y  W. Smedes o f  t h e  U.S.  G eo lo g i ca l  Survey in Denver  
l ead  a most  i n f o r m a t i v e  f i e l d  s e s s i o n  in a d d i t i o n  t o  p r o v i d i n g  
r e s e a r c h  m a t e r i a l s  and e nco u r ag e me n t ,  a l l  o f  which a r e  g r e a t l y  
a p p r e c i a t e d .
S i x  X-ray s p e c t o g r a p h i c  a n a l y s e s  f o r  p o t a s s i u m  were  made 
by J o s e p h  B e a l l  on t h e  N or e l co  u n i t  a t  t h e  U n i v e r s i t y  o f  Montana.  
Dennis  L a P o i n t ,  a g r a d u a t e  s t u d e n t  in g e o l o g y ,  a s s i s t e d  in f i e l d  
work and in p h o t o g r a p hy .
i I
CONTENTS
Page
LIST OF F I G U R E S ..............................................................................................................  v
LIST OF TABLES................................................................................................................... vî
LIST OF PLATES................................................................................................................... vl
Ch ap t e r
1. INTRODUCTION................................................................................   1
PREVIOUS W O R K .......................................................................  . . . . 1
PROCEDURE ....................................................................................................  3
TOPOGRAPHY AND EXPOSURE ...................................................................  3
2.  GEOLOGIC SETTING ........................................................................................... 5
INTRODUCTION .................................   5
PREVOLCAN 1C UNITS .................................................................................  5
POST-VOLCANIC DEPOSITS ........................................................................  8
STRUCTURE ....................................................................................................  9
REGIONAL STRUCTURE AND TECTONICS ................................................  lO
3.  THE ASH-FLOW TUFF PROBLEM...................................................................  17
INTRODUCTION ................................................................................................  17
DES CR IP TI ON ................................................................................................ 18
THEORIES OF O R I G I N .................................................................................  19
I I
I V
C h a p t e r  Page
4 .  PETROGRAPHY OF THE VOLCANIC R O C K S ............................................................  21
INTRODUCTION ......................................................................................................  21
TUFFACEOUS WACKE U N I T ..............................................................................  24
WELDED ASH-FLOW TUFF U N I T ..................................................................... 28
BRECCIA U N I T ......................................................................................................  31
LAMINATED LAVA U N I T ...................................................................................  32
ANDES I TE-BASALT U N I T ..................................................................................  35
PORPHYRITIC LAVA U N I T ..............................................................................  39
VOLCANIC ASH U N I T ........................................................................................ 46
5.  SUMMARY OF VOLCANIC ACTIVITY .....................................................................  48
REFERENCES C I T E D .......... ...................................................................................................  50
L IS T  OF FIGURES
F i g u r e  Page
1. Index map o f  s o u t h w e s t e r n  Montana showing l o c a t i o n
o f  t h e  s t u dy  a r e a ..................................................................................  2
2.  Geo lo g i c  s e t t i n g  o f  t h e  Lowland Creek v o l c a n i c  f i e l d  . . 6
3.  T e c t o n i c  s e t t i n g  o f  t h e  Lowland Creek v o l c a n i c  f i e l d  . . 11
4.  Diagrammat i c  c ompos i t e  s e c t i o n s  o f  Lowland Creek
v o l c a n ! cs and c o r r e l a t i o n  o f  t h e  u n i t s  . . . . . .  22
5 .  Range o f  v o l c a n i c  rock t y p e s  in t h e  s t u d y  a r e a  ....................  25
6 .  P h o t omi c r og r a ph  o f  t u f f a c e o u s  wacke ............................................  26
7.  P ho t omi c r og r aph  o f  we lded  a s h - f l o w  t u f f  ..................................  30
8.  P h o t omi c r og r a ph  o f  p l a g i o c l a s e  p h e n o c r y s t s  w i t h
r e s o r p t i o n  zones  in a l a mi n a t e d  l a va  f l o w ........................  34
9 .  P ho t om i c r og r a ph s  o f  t h e  l a t i t e - a n d e s i t e  ..................................  37
10. Pho t o m i c r og r a ph  o f  t h e  b a s a l t .................................    38
11. P h o t omi c r og r a ph  o f  m i c r o l i t e s  in vi  t r op hy  re  o f  t h e
p o r p h y r i t i c  l ava  f l o w ........................................................................  41
12. P h ot omi c r og r a ph  o f  s t r e a k e d  m a t r i x  in t h e
p o r p h y r i t i c  l ava  f l o w ........................................................................  43
13. P h o t omi c r og r a ph  o f  s p h e r u l i t i c  m a t r i x  in t h e
p o r p h y r i t i c  l ava  f l o w ........................................................................ 44
14. Ph o t om i c r og r a ph  o f  m i c r o c r y s t a l l i n e  m a t r i x  in t h e
p o r p h y r i t i c  l ava  f l o w ........................................................................  45
LIS T  OF TABLES
T a b l e  Page
1, S p e c t r o g r a p h Î c a n a l y s e s  f o r  p o t a s s i u m  In
T e r t i a r y  v o l c a n i c  rocks  ....................................................................  23
LIST OF PLATES
P l a t e
1. Geo lo g i c  map w i t h  c r o s s - s e c t  I o n ....................................... In p oc k e t
C h a p t e r  1 
INTRODUCTION
An a r e a  o f  T e r t i a r y  v o l c a n i c  rocks  has  been mapped and t h e  
p e t r o g r a p h y  o f  t h e  v o l c a n i c  rock  u n i t s  d e s c r i b e d .  The a p p r o x i m a t e l y  
s e v e n t e e n  s q u a r e - m i le  a r e a  l i e s  t h r e e  t o  e i g h t  m i l e s  s o u t h  o f  Anaconda,  
Montana.  I t  i s  e n c l o s e d  by l a t i t u d e  46*00"15"  t o  46*05 '30"N.  and 
l o n g i t u d e  112*53'  t o  113*00 'W. R e g i o n a l l y ,  t h e  a r e a  l i e s  on t h e  
C o n t i n e n t a l  D i v i d e ,  s o u t h  o f  t h e  Deer Lodge V a l l e y ,  n o r t h  o f  t h e  Big 
Hole V a l l e y ,  e a s t  o f  t h e  Anaconda Range and w e s t  o f  t h e  Bou l de r  
b a t h o l i t h  and more v o l c a n i c s  ( f i g u r e  1 ) .  A l t i t u d e  ranges  from 
5 ,350 f e e t  t o  7 ,766  f e e t .
PREVIOUS WORK
The v o l c a n i c s  were  d i s t i n g u i s h e d  from o t h e r  rocks  in t h e  
gu idebook  by Campbell  ( 1 9 1 5 ) .  Emmons and C a l k i ns  (1913) mapped 
" v o l c a n i c  a s h "  and " a n d e s i t i c  e x t r u s i v e s "  j u s t  w e s t  o f  t h e  113^^ 
M er i d i a n .  Al l  b u t  two s q u a r e  mi l e s  o f  t h e  s t u d y  a r e a  i s  i n c l u d e d  
In a g en e r a l  geology d i s s e r t a t i o n  by J .  Noel (1956) who mapped 
v o l c a n i c  rocks  but  d i d  no d e t a i l e d  work .  F a r t h e r  s o u t h ,  t h e  v o l c a n i c s  
a r e  s i m i l a r l y  t r e a t e d  in a d i s s e r t a t i o n  by G. Moore ( 1 95 6 ) .
The s t u d y  a r e a  is  p a r t  o f  an 800+ s q u a r e - m i l e  v o l c a n i c  f i e l d  
c a l l e d  t h e  Lowland Creek V o l c a n i c s  by H.W. Smedes who has  mapped and 
d e s c r i b e d  a major  p o r t i o n  o f  t h e  f i e l d  ( I 96O, 1962,  1965,  1968) .
Ot he r  d e s c r i p t i o n s  o f  t h e  v o l c a n i c s  a p p e a r  in work by C s e j t e y  ( I 962) ,
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Ruppel ( 1963) ,  B e c r a f t  and o t h e r s  (19&3) ,  and Wanek and B a r c l a y  ( I 966) .
A p a l e o m a g n e t i c  I n v e s t i g a t i o n ,  l ed  by W.F. Hanna o f  t h e  U.S.  Ge o lo g ic a l  
Su r vey ,  i s  b e i n g  conduc t ed  in t h e  v o l c a n i c s  as p a r t  o f  a l a r g e r  s t u d y  
on t h e  B ou l de r  b a t h o l i t h .
PROCEDURE
T h i r t y - s e v e n  days were  s p e n t  in t h e  f i e l d  d u r i n g  t h e  summers 
of  1970 and 1971. Samples were  c o l l e c t e d  and a map was made on t h e  
U.S.  Ge o lo g i ca l  Survey 7 . 5 - m i n u t e  q u a d r a n g l e ,  Anaconda S.W. Hand 
spec imens  and 96 t h i n  s e c t i o n s  a i d e d  in t h e  d e t e r m i n a t i o n  o f  map u n i t s .  
A e r i a l  pho t os  from t h e  S o i l  C o n s e r v a t i o n  S e r v i c e  were  u s e f u l  t o  a 
minor  e x t e n t .  Access  t o  t h e  a r e a  c o n s i s t e d  o f  a paved r o a d ,  S t a t e  
Route  2 7 4 , H i  r t  roads  a l on g  C a l i f o r n i a  Creek and Wil low Creek ,  and 
many t r a i I s .
TOPOGRAPHY AND EXPOSURE
The a r e a  i s  d i s s e c t e d  i n t o  numerous r i d g e s ,  u s u a l l y  500 t o  
800 f e e t  h i g h .  Most o f  t h e  v o l c a n i c s  a r e  e a s i l y  e r od ed  a s h - f l o w  
t u f f s .  G u l l y i n g ,  which i s  a c t i v e  on t h e  exposed  s l o p e s ,  p r o v i d e s  
f r e s h  c u t s  i n t o  t h e  t u f f s  o r  t h e  a l l u v i a l  d e p o s i t s  o f  i t .  D i s c o n ­
t i n u o u s  l ava  f lows and more we l ded  p a r t s  o f  t h e  a s h - f l o w  t u f f s  form 
t h e  r i d g e s  and p eak s .  The n o r t h e a s t e r n  p a r t  o f  t h e  s t ud y  a r e a  i s  
much f l a t t e r  as i t  meets  t h e  s o u t h  end o f  t h e  Deer Lodge V a l l e y .
A c omb i na t i on  o f  l o g g i n g ,  f i r e s ,  and s m e l t e r  e m i s s i o n s  has  
d e s t r o y e d  t h e  t r e e s  t h a t  c o v e r e d  most  o f  t h e  a r e a  100 y e a r s  a go .
Only t h e  e x t r e me  s o u t h e a s t e r n  p o r t i o n  i s  f o r e s t e d  now. An e l a b o r a t e  
s y s t e m o f  t r e n c h e s ,  b u i l t  abou t  85 y e a r s  ago t o  t r a n s p o r t  logs  t o
4
t h e  r a i l r o a d s  and s m e l t e r ,  has a l s o  improved o u t c r o p s .  P r o s p e c t  
p i t s  a r e  s c a t t e r e d  t h r o u g h o u t  t h e  a r e a ,  b u t  main ly  n e a r  i n t r u s i v e  
c o n t a c t s .  Smal l  q u a r r i e s  a r e  found in l i m e s t o n e ,  a l t e r e d  v o l c a n i c s ,  
c o l l u v i u m ,  and in w e a t h e r e d  g r a n o d i o r i t e  a long  Route 274.
C h a p t e r  2 
GEOLOGIC SETTING
INTRODUCTION
The a r e a  o f  s t u dy  l i e s  in t h e  w e s t e r n  p a r t  o f  t h e  t h r u s t  
b e l t  in Montana and a long  t h e  w e s t e r n  edge o f  t h e  Bo u l de r  b a t h o l i t h  
among i t s  o u t l i e r s  ( f i g u r e  2 ) .  Each o f  t h e  i n t r u s i v e  e x p o s u r e s  is 
l e s s  than one s q u a r e  m i l e .  Exposures  o f  p r e - i g n e o u s  rocks  a r e  r a r e .  
Pr ecambr i an  t o  P e n n s y l v a n i a n  s e d i m e n t a r y  rocks  l i e  w i t h i n  t h e  a r e a ,  
and Pr ecambr i an  t o  P a l e o c e n e  rocks  l i e  j u s t  s o u t h  o f  t h e  a r e a .  The 
f o r ma t i o n  names in p l a t e  1 a r e  t a k e n  from t h e  g e o l o g i c  map by Noel 
( 1956) b u t  a r e  s u b j e c t  t o  r e v i s i o n .  No a t t e m p t  w i l l  be made t o  
r e v i s e  f o r m a t i o n  names o r  t o  d e s c r i b e  them b e c a u se  t h e y  a r e  p o o r l y  
r e p r e s e n t e d  due t o  l i m i t e d  e x p o s u r e  and t o  a l t e r a t i o n  from igneous  
a c t i v i t y .  The o u t c r o p s  a r e  d e s c r i b e d  below,
PREVOLCANIC UNITS
Roof pen dan t s  o f  two p r e - v o l c a n i c  rock t y p e s  a r e  found in 
s e c s .  35 and 3 6 , T.4N. ,R.11W.  and s e c s .  1 and 2 ,  T.3N. ,R.11W.  One 
type  o u t c r o p s  as a p in k  q u a r t z i t e  c o ng l o m e r a t e  o r  as a b l a c k i s h  
b r e c c i a  w i t h  ma in ly  q u a r t z  f r a g m e n t s .  Along g r a n i t i c  c o n t a c t s ,  i t  
c o n t a i n s  i r o n  o x i d e  d e p o s i t s .  Unsure  o f  i t s  i d e n t i t y ,  Noel a s s i g n e d  
i t  t o  t h e  P r ec ambr i a n  H e l l g a t e  F o r ma t i on .  Th i s  may be q u e s t i o n a b l e ,  
bu t  t h e  o c c u r r e n c e  l i e s  o n l y  26 m i l e s  f rom a r e g i o n  o f  B e l t  rocks  
t h a t  a r e  commonly c o n g l o m é r a t i c  and a r k o s i c  i n s t e a d  o f  t h e  t y p i c a l l y
113‘ 112'
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f i n e - g r a i n e d  e l a s t i c s  (McMannis,  I9 63 ) .
The o t h e r  pen dan t s  a r e  g r e e n i s h  g ray  t o  n e a r l y  w h i t e ,  
r e c r y s t a l l i z e d  l i m e s t o n e  w i t h  e p i d o t e  on t h e  bedd ing  p l a n e s .  Numerous 
p r o s p e c t  p i t s  expose  s k a r n s  c o n t a i n i n g  g a r n e t ,  a c t i n o l i t e ,  e p i d o t e ,  
and m a g n e t i t e .  The o u t c r o p s  were  a s s i g n e d  t o  t h e  Wa l l ac e  Fo rma t i on ,  
a name a p p l i e d  in a r e a s  o f  n o r t h w e s t e r n  Montana.  In s u r r o u n d i n g  
g e o l o g i c  s t u d i e s ,  Newland Limes tone  i s  u s e d ,  b u t  He lena  Li mes tone  i s  
c u r r e n t l y  p r e f e r r e d  (Donald Wi ns t on ,  v e r b a l  communica t i on ,  1972) .
An unusua l  i n t r u s i v e  b r e c c i a  i s  found w i t h i n  t h e  l i m e s t o n e  
o f  s e c .  2 .  Very h a r d  f r ag me n t s  o f  f i n e - g r a i n e d ,  o range  and b l a c k  
l a mi na t ed  rock a r e  c o n t a i n e d  In a m a t r i x  t h a t  v a r i e s  f rom a d e n s e ,  
b l a c k  rock  t o  a w h i t e  l i m e s t o n e .  The l a y e r e d  f r ag me n t s  a p p e a r  t o  
have been a s e d i m e n t a r y  rock t h a t  was f o r c e f u l l y  i n j e c t e d  by a f l u i d ,
A p r o s p e c t  p i t  in t h e  S E l / 4  o f  s e c .  35 e xposes  n e a r l y  h o r i z o n t a l ,  
b l a c k  metamorphosed l i m e s t o n e  t h a t  r e s embl e s  t he  b r e c c i a t e d  r o ck .
The b r e c c i a  was p r o b a b l y  c r e a t e d  by r e s i d u a l  f l u i d s  from t h e  i n t r u s i o n  
t h a t  b roke  t h rough  t h e  metamorphosed l i m e s t o n e .
The M i s s i s s i p p i a n  Amsden and Madison For mat ions  ( Noe l ,  1956) 
o ccu r  t o g e t h e r  a long  Route 274 in s e c .  33,  T,4N. ,R.11W.  and s e c .  4,  
T.3N. ,R.11W.  The Amsden i s  a r e d d i s h  c a l c a r e o u s  s i l t s t o n e .  The 
Madison i s  a b r e c c i a t e d  l i m e s t o n e  w i t h  c h e r t  f r ag me n t s  and i s  somewhat 
r e c r y s t a l  1i zed .
An o b s c u r e  o u t c r o p  o f  l i m e s t o n e  in s e c .  11,  T . 3 N . , R . H W .  
was a s s i g n e d  t o  t h e  P e n n s y l v a n i a n  (Quadrant Format ion  by N oe l .  Once 
covered  by l a v a ,  i t  i s  l aced  w i t h  smal l  q u a r t z  v e i n s  and vugs o f  
c r y s t a l l i n e  q u a r t z  and c a l c i t e .  O c c a s i o n a l l y  l i m o n l t e  s t a i n s  t h e
■ .  8 
rock and c a u s e s  i t  t o  r e semble  u n i d e n t i f i e d  f l o a t  found in a smal l  
s a d d l e  in  t h e  NWl/4 of  s e c .  12, T.3N. ,R.11W.
A sma l l  o u t c r o p  o f  c h e r t y - l o o k i n g  rock was found in s e c .  12 
j u s t  n o r t h  o f  a s o u t h w a r d - p l u n g i n g  a n t i c l i n e  o f  C r e t a c e o u s  and o l d e r  
r o c ks .  L i g h t  p u r p l i s h  g r a y ,  I t  has  a n o n c a l c a r e o u s , c ha l ky  w h i t e  
w e a t h e r e d  s u r f a c e .  In t h i n  s e c t i o n ,  t h e  rock c o n s i s t s  o f  g r a i n s  
about  .006 mm a c r o s s ,  o f  d i o p s i d e  w i t h  a minor  amount o f  s p h e n e ,  
q u a r t z ,  and a n o t h e r  c o l o r l e s s  mi ne r a l  w i t h  low b i r e f r i n g e n c e  and 
n e g a t i v e  r e l i e f  ( a l b i t e ? ) .  The l a ck  o f  mi ne r a l  a l i gn me n t  under  
p o l a r i z e d  l i g h t  s u g g e s t s  a h o r n f e l s i c  o r  a d e v i t r i f i c a t i o n  t e x t u r e .  
I n c l u s i o n s  o f  a l t e r e d  p h e n o c r y s t s (?) and rock  f r ag me n t s  h i n t  o f  
v o l c a n i c  o r i g i n ;  however ,  t h e  mi ne r a l  c o n t e n t  i n d i c a t e s  c o n t a c t  
metamorphism o f  a c a l c a r e o u s  r o c k ,  p o s s i b l y  f rom t h e  Quadran t  Fo r ma t i on .
La t e  C re t ac e o u s  o r  e a r l y  P a l e o c e n e  igneous  i n t r u s i o n s ,  
p r o b a b ly  r e l a t e d  t o  t h e  Bo u l de r  b a t h o l i t h ,  a r e  t h e  ma jor  n o n v o l c a n l c  
r o c ks .  Noel found t h a t  t h e y  were  d omi na n t l y  g r a n o d i o r i t e .  A t y p i c a l  
sample f rom t h e  a r e a  o f  s t u d y  was a m o n z o d i o r i t e  ( c l a s s i f i c a t i o n  o f  
S t r e c k e i s e n ,  196?) w i t h  a bou t  53% p l a g i o c l a s e  ( a n d e s i n e ) , 18% p o t a s s i u m  
f e l d s p a r ,  16% q u a r t z ,  9% a mp h ib o l e ,  4% b i o t l t e ,  and t r a c e  amounts  o f  
m a g n e t i t e  and a p a t i t e .  The m a f i c  m i n e r a l s  a r e  commonly a l t e r e d  t o  
c h l o r i t e .  G r a n i t e  a p p e a r s  l o c a l l y  in minor  amounts .
POST-VOLCANIC DEPOSITS
In t h e  n o r t h e a s t e r n  p a r t  o f  t h e  a r e a ,  a round t en  f e e t  o r  l e s s  
o f  g r a v e l  c o v e r s  t h e  g r a n i t i c  i n t r u s i v e  and v o l c a n i c  u n i t s .  Rock 
t y p e s  i n c l u d e  v o l c a n i c  r o c k s ,  g r a n o d i o r i t e ,  and q u a r t z i t e .
Th i n  g r a v e l  l a y e r s  we s t  o f  Route  274,  mapped by Noel ( 1 9 5 6 ) ,
a r e  n o t  I n c lu d ed  in t h e  g r a v e l  u n i t  b e caus e  a s h - f l o w  t u f f  i s  e a s i l y  
s ee n  b e n e a t h  them.  At a d i s t a n c e ,  t h e i r  p i n k i s h  c o l o r  s u g g e s t s  
a n o t h e r  u n i t .  The g r a v e l s  c o n s i s t  mainly  o f  p ink  q u a r t z i t e  from an 
unknown f o r m a t i o n .
Mora ina l  d e p o s i t s  l i e  in Mi l l  Creek Va l l ey  j u s t  n o r t h  o f  
t h e  w e s t e r n  h a l f  o f  t h e  s t u d y  a r e a .  Lava o u t c r o p s  in t h e  NWl/4 of  
s e c .  33 a r e  p a r t i a l l y  b u r i e d  by t h e  mor a i ne .
STRUCTURE
V o l c a n i c  d e p o s i t s ,  g r a n i t i c  i n t r u s î v e s ,  and g r a v e l  o bs c u r e  
s t r u c t u r e  w i t h i n  t h e  s t u d y  a r e a .  L i k ew i s e ,  s t r u c t u r e  in t h e  s u r r o u n d i n g  
a r e a  is  c o v e r e d ,  e x c e p t  d i r e c t l y  s ou th  o f  t h e  s t ud y  a r e a .  Exposed 
t h e r e ,  in P a l e o z o i c  and Mesozoic  r o c k s ,  a r e  f a u l t e d  f o l d s  and t h r u s t  
f a u l t s  w i t h  e a s t w a r d  movement (Noe l ,  1956) .
P o s t - v o l c a n i c  movement i s  s u g g e s t e d  by t h e  t i l t e d  beds o f  t he  
b a s a l  v o l c a n i c  u n i t  and o f  t h e  a s h - f l o w  t u f f s ,  which a r e  u s u a l l y  
l a i d  down in n e a r l y  h o r i z o n t a l  p o s i t i o n s .  S l i c k e n s i d e s  a r e  common 
in t h e  t u f f s ,  bu t  t h e  d e g r ee  o f  movement i s  unknown. O t he r w i s e ,  
p o s t - v o l c a n i c  movement canno t  be deduced from a t t i t u d e s  o f  v o l c a n i c  
l a y e r s ,  due t o  i n d i s t i n c t  l a y e r i n g ,  j o i n t i n g ,  minor  d i s p l a c e m e n t s ,  
and l o c a l  f l ow v a r i a t i o n s .
The o n l y  t o p o g r a p h i c  l i n e a t  ions  which a r e  an i n d i c a t i o n  o f  
f a u l t i n g  a r e  t h e  two ma j o r  s t r e a m  v a l l e y s .  A s t r a i g h t  p o r t i o n  o f  
Wi l low Creek  p a r a l l e l s  an a d j a c e n t  p o r t i o n  o f  Mi l l  Creek in t h e  
n o r t h e a s t e r n  p a r t  o f  t h e  a r e a .  Between t h e  two c r e e k s  l i e  a r i d g e  
and a ma jo r  g u l l y  t h a t  bo t h  t r e n d  in t h e  same n o r t h e a s t e r l y  d i r e c t i o n .
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For  t h e  e n t i r e  v o l c a n i c  f i e l d ,  a n o r t h e a s t  f a u l t  t r e n d  i s  c h a r a c ­
t e r i s t i c  (Smedes ,  1962; Ruppel ,  1963) .
REGIONAL STRUCTURE AND TECTONICS
The Bou l de r  b a t h o l i t h  r e g i o n  became a c t i v e  t e c t o n i c a l l y  
d u r i n g  t h e  l a s t  twenty  m i l l i o n  y e a r s  o f  C r e t a c e ou s  t i me .  There  
were  o v e r l a p p i n g  p e r i o d s  o f  v o l c a n i s m ,  p l u t o n i s m ,  f o l d i n g ,  and 
t h r u s t i n g  (Robinson and o t h e r s ,  1968; Kl eppe r  and o t h e r s ,  1971) .
The E l k h or n  Mountains  v o l c a n i c  f i e l d  r e p r e s e n t s  t h e  major  v o l c a n i c  
a c t i v i t y  a s s o c i a t e d  w i t h  t h e  Bou l de r  b a t h o l i t h .  I t  i s  fo l l owe d  
by a d i s t i n c t  b r e a k  In t i me  o f  about  20 m i l l i o n  y e a r s  b e f o r e  
v o l c a n i s m  began t o  t h e  s o u t h  in t h e  Lowland Creek v o l c a n i c  f i e l d .  
I n c l u d i n g  t h e  p r e s e n t  a r e a  o f  s t u d y .
Many l a r g e  s c a l e  f a u l t s  s u r r o u n d i n g  t h e  Lowland Creek 
v o l c a n i c s  seem t o  be u n r e l a t e d  t o  t h e  v o l c a n i s m .  The f i e l d  l i e s  
be tween two ma jor  e a s t - w e s t  s h e a r  zones  o f  Pr ecambr i an  o r i g i n  
( f i g u r e  3 ) .  The Montana Lineament  t o  t h e  n o r t h  and the  Wil low 
Creek f a u l t  zone  ( P e r r y  Line)  t o  t h e  s o u t h  c o n t r o l  t he  e x t e n t  o f  
t he  B ou ld e r  b a t h o l i t h  ( E a r d l e y ,  1957;  Z i e t z  and o t h e r s ,  1971) ,  
b u t  t h e y  have no obv i ous  l i m i t i n g  e f f e c t  on Lowland Creek v o l c an i sm .
The f i e l d  a l s o  l i e s  be tween two ma jor  n o r t h - s o u t h  t h r u s t  zones :  
t h e  Lombard t h r u s t  t o  t h e  e a s t  and t h e  Phi 1 ipsburg-George town 
t h r u s t  t o  t h e  w e s t .  However ,  t h r u s t  f a u l t i n g  ended by e a r l y  Eocene 
and does  n o t  a p p e a r  t o  c o n t r o l  t h e  v o l c a n i s m .  Adj acen t  Cenozoic  
b a s i n s ,  which  a r e  a t  l e a s t  p a r t i a l l y  c o n t r o l l e d  by f a u l t i n g ,  show 
no a p p a r e n t  a s s o c i a t i o n  w i t h  t h e  v o l c a n i c s  a s i d e  from t h e  f a c t  t h a t
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t h e  n o r t h e r n  end o f  t h e  Big Hole V a l l e y  p a r a l l e l s  t h e  g e n e r a l  
n o r t h e a s t e r l y  t r e n d  o f  t he  v o l c a n i c  f i e l d .
A r e g i o n a l  n o r t h e a s t w a r d  t r e n d  i s  most  c l o s e l y  r e l a t e d  to  
t h e  v o l c a n i c  f i e l d .  The Idaho f a u l t  l i n e a m e n t ,  which p a s s e s  through  
t h e  C h a l l i s  v o l c a n i c s  o f  Eocene age (Lipman and o t h e r s ,  1971) ,  may 
e x t e n d  as  f a r  n o r t h e a s t w a r d  as t h e  Anaconda r e g io n  (C.B.  G i l l e t t e ,
1965) .  In t h e  same p o s i t i o n  l i e s  t h e  "Anaconda Range d i k e  swarm 
t r e n d "  t h a t  o r i g i n a t e d  in t h e  Laramide o r  l a t e r  t ime  (Badg l ey ,  1965) .  
Roughly p a r a l l e l  and s l i g h t l y  sou t hwar d  is  a " t r a n s v e r s e  [ t o  t he  
Montana l i n e a m e n t ]  po rphyr y  b e l t "  t h a t  runs  t h rough  B u t t e  (Jerome 
and Cook, 1967) .  I t  i s  r e c o g n i z e d  on t h e  b a s i s  o f  t h e  n o r t h e a s t e r l y  
a l i g n m e n t  in Montana o f  min ing  d i s t r i c t s  f o r  g o l d ,  s i l v e r ,  c o p p e r ,  
l e a d ,  and z i n c .  A s t r o n g  n o r t h e a s t e r l y  t r e n d  in m a gn e t i c  anomal i e s  
d e f i n e s  t h e  long s i d e s  o f  t h e  Bou l de r  b a t h o l i t h  ( Z e i t z  and o t h e r s ,
1971) .  The c e n t e r  o f  t h e  Lowland Creek v o l c a n i c  f i e l d  i s  e x p r e s s e d  
by r e l a t i v e l y  i n t e n s e  anomaly lows w i t h i n  t h e  Boulder,  b a t h o l i t h  and 
p a r a l l e l  t o  i t s  n o r t h e a s t e r l y  t r e n d .  The lows a r e  b e l i e v e d  t o  be a 
r e s u l t  o f  h yd r o t h e rm a l  a l t e r a t i o n  t h a t  d e s t r o y e d  f e r r o m a g n e t i c  
m i n e r a l s  d u r i n g  m i n e r a l i z a t i o n  ( Z e i t z  and o t h e r s ,  1971) .
A n o r t h w e s t - s o u t h e a s t  f a u l t  l i ne amen t  c o n t r o l s  ven t  p o s i t i o n s  
in t h e  A b s a r o k a - G a l l a t i n  v o l c a n i c  f i e l d ,  a l s o  o f  Eocene age (Chadwick,  
1970) .  T h i s  same l i n e a m e n t ,  which l i e s  s o u t h  o f  t h e  Nye-Bowler  
l i n e a m e n t ,  p o i n t s  t o  t h e  Anaconda a r e a  and can be fo l l owe d  t h r ough  
t h e  Madison Range,  I t  may e x t e n d  i n t o  t h e  Tobacco Root  Range,  bu t  
n o t  t h ro u g h  t h e  High l and  Mountains  i n t o  t h e  Lowland Creek v o l c a n i c  a r e a .
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The Lowland Creek v o l c a n i c s  cou ld  be a p r o d u c t  o f  both  
t e c t o n i c  e nv i r o n me n t s  p roposed  f o r  Cenozoic  t ime  in t h e  c o n t i n e n t a l  
w e s t e r n  U n i t e d  S t a t e s .  P o s s i b l y  t h e  magma was g e n e r a t e d  in t h e  
e a r l i e r  e n v i r o n m e n t ,  and v o l c a n i s m  was induced by t h e  l a t e r  e n v i r o n ­
ment .  Models f o r  e a r l y  and mi dd l e  Cenozoic  t ime  a r e  based  on a 
c r u s t a l  s u b d u c t i o n  s y s t e m ,  and models  f o r  t h e  l a t e  Cenozoic  a r e  
based  on c r u s t a l  e x t e n s i o n  o f  c o n t r o v e r s i a l  o r i g i n .  Some t e c t o n i c  
models  may n o t  a pp ly  t o  w e s t e r n  Montana,  as t hey  g e n e r a l l y  p e r t a i n  
t o  t h e  Gr e a t  B a s i n ,  c e n t e r e d  on Nevada.
Up t o  r ough l y  O l i g o c en e  t i m e ,  a compr ess i ve  s t r e s s  f i e l d  
domina ted  t h e  w e s t e r n  U.S.  I t  was p a r t  o f  a wes t  c o a s t  t r e n c h  
s ys t e m where  P a c i f i c  o c e a n i c  c r u s t  was o v e r r i d d e n  by c o n t i n e n t a l  
c r u s t  ( A t w a t e r ,  1970) .  However,  n o t  e ve r yone  a c c e p t s  t he  i dea  t h a t  
v o l c a n i c s  in Montana c ou l d  be a r e s u l t  o f  t h i s  B e n i o f f  Zone.  Even 
i f  t h e  d i s t a n c e  from t h e  c o a s t  t o  t h e  v o l c a n i c  f i e l d  were  200 km 
l e s s  t h a n  t h e  p r e s e n t  900 km ( a c c o u n t i n g  f o r  p o s s i b l e  c r u s t a l  e x t e n s i o n  
a f t e r  Eocene t i m e ) ,  t h e  f i e l d  i s  t oo  f a r  i n l a n d  t o  be c o n t r o l l e d  by a 
c o a s t a l  t r e n c h  s y s t e m.  Volcani sm u s u a l l y  s t a r t s  100 t o  200 km i n l an d  
f rom t h e  t r e n c h .  Only a 600 km maximum d i s t a n c e  i s  p o s s i b l e ,  u n l e s s  
t h e  B e n i o f f  Zones d i p s  i n l a n d  a t  a ve r y  low a n g l e .  In such p r e s e n t  
s i t u a t i o n s ,  v o l c a n i s m  does no t  e x i s t  ( G i l l u l y ,  1971) .  According  t o  
G i l l u l y ,  t h e  Idaho  b a t h o l i t h  l i e s  a t  t h e  maximum i n l a n d  e x t e n t  f o r  
igneous  a c t i v i t y  caused  by t h e  e a r l y  t r e n c h  sys t em.
Ano t he r  t e c t o n i c  model p ropos ed  f o r  t h e  e a r l y  and middle  
Cenozo ic  i n c l u d e s  a second  s u b d u c t i o n  zone b e n e a t h  t h e  c o n t i n e n t a l  
p l a t e  and s u b p a r a l l e l  t o  t h e  w e s t  c o a s t  s y s t e m (Lipman,  P r o s t k a ,  and
]k
C r î s t i a n s e n ,  1 9 7 0 .  I n t h e  n o r t h w e s t e r n  U . S . ,  t h i s  e a s t e r n  s u bd u c t i o n  
zone would b e g i n  a long  a n o r t h - s o u t h  p o s i t i o n  between t h e  Lowland Creek 
v o l c a n i c s  and t h e  C h a l l i s  v o l c a n i c s  o f  Idaho.  The model was p roposed  
on t h e  b a s i s  o f  t he  dep th  p r o f i l e s  t o  s u b d u c t i o n  zones  p r e d i c t e d  from 
K^O/SiO^ r a t i o s  in a n d e s i t i c  r o c k s .  I t s  mechanism remains  u n c l e a r .
Major  c r u s t a l  e x t e n s i o n  began in Ol i go c en e  and Miocene t ime 
t o  c r e a t e  t h e  Bas in  and Range S t r u c t u r a l  P r ov i nc e  ( C h r i s t i a n s e n  and 
Lipman,  1970;  S c h o l z  and o t h e r s ,  1971) .  Volcanism changed from main ly  
l a t i t e - a n d e s i t e  t o  ma i n l y  r h y o l i t e - b a s a l t , The re  a r e  s e v e r a l  c u r r e n t  
t e c t o n i c  h y p o t h e s e s  f o r  e x p l a i n i n g  t h e s e  changes .  One i s  t h a t  a f t e r  
t he  o c e a n i c  p l a t e  was consumed,  t h e  E a s t  P a c i f i c  Ri se  was o v e r r i d d e n  
by t h e  c o n t i n e n t a l  c r u s t  (Menard,  Wi l son j_n̂  Scho l z  and o t h e r s ,  1971; 
Hamblin and P e t e r s e n ,  1971) .  A second h y p o t h e s i s  r e l a t e s  c r u s t a l  
d e f o r m a t i o n  t o  t r a n s f o r m  f a u l t s ,  e s p e c i a l l y  t he  San Andreas  f a u l t  
( A t w a t e r ,  1970) .  A t h i r d  h y p o t h e s i s  s t a t e s  t h a t  a r e l e a s e  in the  
c o m p r e s s i ve  s t r e s s  f i e l d ,  accompanied  by a r i s i n g  d i a p i r  o f  ma n t l e  
m a t e r i a l  t h a t  was t r a p p e d  b e n e a t h  s i a l i c  c r u s t ,  p roduced  the  c r u s t a l  
s p r e a d i n g  ( Scho l z  and o t h e r s ,  1971) .
Whether  o r  n o t  t he  Cenozoic  b a s i n s  o f  s o u t h w e s t e r n  Montana 
a r e  a r e s u l t  o f  c r u s t a l  e x t e n s i o n ,  t h e  f a u l t i n g  t h a t  c o n t r i b u t e d  to  
t h e i r  o r i g i n  must  have  begun in p r e - 0 1 i g o c e n e  t ime in o r d e r  f o r  t he  
b a s i n s  t o  s t a r t  r e c e i v i n g  s e d i m e n t s  in Eocene and O l i goc ene  t imes  
( Rob i ns on ,  19&3; Kuenzi  and F i e l d s ,  1971) .
B a s a l t i c  v o l c a n i sm  in t h e  a r e a  be tween Mel r ose  and V i r g i n i a  
C i t y  would be a s s o c i a t e d  w i t h  l a t e  Cenozoic  t e c t o n i s m .  However,  t he  
e a r l i e s t  f lows  have been d a t e d  as Eocene on t he  b a s i s  o f  T e r t i a r y
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s t r a t i g r a p h y  (R.W. F i e l d s ,  o r a l  communie. ,  1971) .  B e l i e v e d  to 
o r i g i n a t e  in t h e  Mel r ose  a r e a ,  o l i v i n e  b a s a l t  w i t h i n  t h e  s t u d y  a re a  
is  o v e r l a i n  by a d a c i t i c  f low o f  t h e  Lowland Creek v o l c a n i c s .  Thus ,  
t h e  Lowland Creek v o l c a n i c s  may a l s o  be contemporaneous  w i t h  f e a t u r e s  
t h a t  would be a s s o c i a t e d  w i t h  t h e  l a t e  Cenozoic  t e c t o n i c  mode l s .
In summary,  t h e  Lowland Creek v o l c a n i c s  be long  t o  t h e  e a r l y  
Cenozoic  t e c t o n i c  env i r onmen t  w i t h  r e s p e c t  t o  t h e i r  i n t e r m e d i a t e  
c a l c - a l k a l i n e  c o m po s i t i o n  and t o  t h e i r  t ime o f  a c t i v i t y ,  r a d i o m e t r i c a l l y  
d a t e d  as  e a r l y  Eocene (Smedes and Thomas,  1965) .  The Boulde r  
b a t h o l i t h  and El khorn  Mounta ins  v o l c a n i c s  cou ld  be c o n s i d e r e d  a p r o d u c t  
o f  t h i s  e n v i r o n m e n t ,  which began in l a t e  Mesozoic  t i me .  The Lowland 
Creek v o l c a n i c s  a l s o  s h a r e  l o c a l i t y  and s i m i l a r  c om p o s i t i o n  w i t h  t h e  
b a t h o l i t h ,  b u t  t h e y  a r e  s e p a r a t e d  in t i me  by about  20 m i l l i o n  y e a r s .  
Based on s t r a t i g r a p h y  o f  t h e  s u r r o u n d i n g  Cenozoic  b a s i n s ,  
t h e  b a s i n  f a u l t i n g  began a bou t  t he  same t ime  as Lowland Creek 
v o l c a n i s m .  I f  t h e  b a s i n s  o r i g i n a t e d  in an e x t e n s i o n a l  e n v i ro n m e n t ,  
t h e  v o l c a n i c s  would be a s s o c i a t e d  w i t h  an a t y p i c a l  e n v i ro n me n t .  I f  
t h e r e  were  no e x t e n s i o n ,  t h e  v o l c an i sm  c ou l d  be r e l a t e d  t o  mere l y  
a r e l e a s e  in c o m p re s s i o na l  s t r e s s .
Contemporaneous  a n d e s i t i c  v o l c an i sm  in the  A b s a r o k a - G a l l a t i n  
f i e l d  i s  more o b v i o u s l y  c o n t r o l l e d  by a f a u l t  l i n e a m e n t .  S i nce  
a l k a l i c  v o l c a n i s m  in c e n t r a l  Montana was a l s o  con t empor aneous ,  a 
co mpl e t e  t e c t o n i c  model would  c o n s i d e r  a l l  t h r e e  a r e a s ,  A s a t i s ­
f a c t o r y  model has  y e t  t o  be p r o p o s e d .  In doing s o ,  one mi gh t  a l s o  
c o n s i d e r  t h e  C a r p a t h i a n  Mounta i ns  o f  C z e c h o s l o v a k i a  and Hungary.  A 
s i m i l a r  s i t u a t i o n  e x i s t s  t h e r e  w i t h  s i l i c e o u s  c a l c - a l k a l i n e  v o l c a n i c s
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in a t h r u s t  b e l t  w i t h  c on t empor ane ous ,  more a l k a l i n e  v o l c a n i c s  in 
t h e  f o r e l a n d  a r e a  ( G i l l u l y ,  1971) .
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THE ASH-FLOW TUFF PROBLEM
A rev i ew was made o f  t h e  l i t e r a t u r e  on a s h - f l ov /  t u f f s  in 
o r d e r  t o  b e t t e r  u n d e r s t a n d  t h e i r  s i g n i f i c a n c e .  They compr i s e  a major  
p o r t i o n  o f  t h e  v o l c a n i c  rocks  in t h e  s t u d y  a r e a .  The f o l l o w i n g  i s  
a summary o f  t h i s  r ev i ew,
INTRODUCTION
P r i o r  t o  t h e  T w e n t i e t h  C e n t u r y ,  t h e  co n ce p t  o f  we lded  t u f f s  
was c o n t r o v e r s i a l  and c o n f u s i n g ,  Midway between t u f f s  and l avas  in 
mode o f  emplacement  and in a p p e a r a n c e ,  t h e y  r e c e i v e d  many d e s c r i p t i v e  
te rms  and a v a r i e d  n o m e n c l a t u r e .  The modern c on ce p t  o f  t h e  fo r ma t i on  
o f  we lded  t u f f s  began w i t h  t h e  e r u p t i o n s  o f  Mount P e l é e  on M a r t i n i q u e  
I s l a n d  and o f  La S o u f r i è r e  on S t .  V i nc en t  I s l a n d ,  bo t h  in 1902.
An ot he r  m a jo r  advance  f o l l o w e d  t h e  1912 " h o t  sand f low" e r u p t i o n  n e a r  
Mount Katmai in t h e  V a l l ey  o f  Ten Thousand Smokes,  A la s k a .  Ever  s i n c e ,  
a s h - f l o w  t u f f s  have been d e s c r i b e d  w i t h  r e f e r e n c e  t o  Pe le an  o r  
Katmai an t y p e  e r u p t i o n s ,
A commonly used  t e r m,  " i g n i m b r i t e " , was p ropos ed  by Mar sha l l  
( 1932) in h i s  work on t h e  r h y o l i t e  t u f f s  o f  New Z e a l an d .  I t  a p p l i e d  
t o  t h e  we l ded  d e p o s i t  from a nuee  a r d e n t e . T h i s  t ype  o f  e r u p t i o n  
c o n s i s t s  o f  a h i g h l y  m o b i l e  b a se  o f  i n c a n d e s c e n t  f l owi ng  ash w i t h  a 
t u r b u l e n t ,  ash  and d u s t  l aden c lo u d  r i s i n g  f a r  above i t .  Because  t h e
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French  term Is  t r a n s l a t e d  as “ glowinçi c l o u d " ,  t he  f low p o r t i o n  has 
somet imes  been I g n o r e d .  On t h e  o t h e r  hand,  a c u r r e n t  g e o l o g i c  
d i c t i o n a r y  (AGI, 1962) r e f e r s  o n ly  t o  t h e  b a s a l  f low as a n u e e . 
Te r mi no l ogy  a s s o c i a t e d  w i t h  we lded  t u f f ,  o r  t h e  more encompass ing  
e r u p t i o n ,  a s h - f l o w  t u f f .  Is s t i l l  n o t  s e t t l e d .  Th i s  p ap e r  uses  t h e  
t e rms  as  d e f i n e d  by Ross and Smi th ( I 9 6 I ) .
DESCRIPTION
The f o l l o w i n g  Is  a l i s t i n g  o f  g e n e r a l  c h a r a c t e r i s t i c s  o f
a s h - f l o w  t u f f s .  F u r t h e r  d e t a i l s  a r e  p r e s e n t e d  by Ross and Smi th (1961) ,
F i e l d  c h a r a c t e r i s t i c s
1. p y r o c l a s t i c  n a t u r e ;  e s p e c i a l l y  pumice f r agment s  which can 
be r e c o g n i z e d  even In welded  and a l t e r e d  t u f f s
2 .  f l a t - t o p p e d ,  low a n g l e d ,  and w i d e s p r e a d  d e p o s i t s  t h a t  bury
f o r mer  t o p o g r a p h y ;  o f t e n  50-500 f e e t  t h i c k  and c ov e r i n g  a r e a s  up t o
hundr eds  o f  s q u a r e  m i l e s
3 . m a in ly  o f  a s h - s l z e  m a t e r i a l  (<4mm In d i a m e t e r ) ,  p o o r l y  
s o r t e d ,  and nonbedded u n i t s
4 .  v a r i a b l e  d e g r e e  o f  w e l d i n g ;  t r a n s i t i o n a l  zones  o f  we l d i ng  
t h a t  a r e  d e n s e r ,  j o i n t e d ,  and c o n t a i n i n g  d a r k e r ,  c o l l a p s e d  pumice 
f r ag me n t s
5.  mos t  commonly r h y o l I  t i c  t o  d a c i t i c  In c om p o s i t i o n
6 .  u s u a l l y  a s s o c i a t e d  w i t h  g r a n i t i c  b o d i e s  o r  w i t h  s u b s i d e n c e  
s t r u c t u r e s :  c e n t e r s  o f  e r u p t i o n  a r e  f i s s u r e s  as we l l  as cones
M l c r o s c o p i c  c h a r a c t e r l s t I c s
1, p y r o c l a s t i c  n a t u r e  w i t h  s h a r d s ,  pumice f r a g m e n t s ,  e u h e d r a l
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t o  b roken  and embayed c r y s t a l s ,  and f r ag me n t s  o f  v o l c a n i c  and o t h e r  
rocks
2.  w e l d i n g  o f  v a r i o u s  d e g r e e s  shown by f l a t t e n e d  and d i s t o r t e d  
g l a s s  f r a g m e n t s  in a g e n e r a l l y  p a r a l l e l  a r r a ng em en t
3.  d e v i t r i f i c a t i o n  o f  t h e  o r i g i n a l  g l a s s
THEORIES OF ORIGIN
T h e o r i e s  on t h e  o r i g i n  o f  a s h - f l o w  t u f f s  must  a cc o un t  f o r  t he
above c h a r a c t e r i s t i c s .  The ma j o r  problems  l i e  In t h e  mechanism o f
e r u p t i o n ,  t h e  w i d e s p r e a d  d e p o s i t i o n ,  and t h e  s o u r c e  o f  h e a t  f o r  w e l d i n g .  
These  p rob lems  l e ad  t o  q u e s t i o n s  c o n c e r n i n g  t h e  s t r u c t u r a l - g e o l o g i c  
and p h y s i o c h e m i c a l  c o n d i t i o n s  o f  o r i g i n .
The a s h - f l o w  e r u p t i o n  i s  o f t e n  p r oc eed ed  by s t r o n g  e x p l o s i o n s .  
The r e s u l t i n g  a i r b o r n e  l a p i l l i  and ash  cool  q u i c k l y  and s e t t l e  i n t o  
l a y e r e d  t u f f .  The e r u p t i o n  o f  t h e  ash  f low b eg in s  w i t h  a l a t e r a l l y  
d i r e c t e d  e x p l o s i o n  from a v en t  o r  f i s s u r e .  A m i x t u r e  o f  h o t ,  bu rn i n g
g a s e s  and s o l i d s  s l i d e s  down s l o p e  w i t h  v e l o c i t i e s  u s u a l l y  e s t i m a t e d
from 59 t o  100 MPH f o r  t h e  o b s e r v e d  f l o w s ,  which a r e  r e l a t i v e l y  smal l  
in volume (Ross and Smi th ,  1961,  p .  41 ; R l t t ma nn ,  1962,  p.  28- 9 ) .
The s o l i d  p o r t i o n  c o n s i s t s  o f  i n t r a t e l l u r i c  c r y s t a l s ,  e x p l o d i n g  magma, 
and rock  f r ag me n t s  from t h e  v e n t  and g ro un d .
The g a s e s  c r e a t e  a f l u i d i z e d  s t a t e  o f  t r a n s p o r t  t h a t  makes 
p o s s i b l e  t h e  r e m a rk a b l e  m o b i l i t y  o f  a sh  f lows  (Re yn o l d s ,  1954) .  Even 
s o ,  i t  i s  d i f f i c u l t  t o  e x p l a i n  how s i n g l e  e r u p t i o n s  can t r a v e l  f o r  
twenty  m i l e s .  The s u p p l y  o f  gas  may be m a i n t a i n e d  by gas  e m i s s i o n  
from t h e  magma d u r i n g  t r a n s p o r t  (Boyd,  1961,  and many o t h e r s ) ,  A l e s s
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a c c e p t e d  h y p o t h e s i s  Is t h a t  a i r  i s  e n t r a p p e d  and expanded by the  h e a t  
( McTaggar t ,  I960 ,  1962) ,  Pe rhaps  t h e  low p e r m e a b i l i t y  o f  t h e  f i n e  
p a r t i c l e s  i s  a t  l e a s t  as  i m p o r t a n t  in p r e v e n t i n g  s e t t l i n g  (Eden,  I 967) .
For  h e a t i n g  o f  a i r  and f o r  we l d i ng  a f t e r  d e p o s i t i o n ,  a 
s e c o n d a r y  h e a t  s o u r c e  has  been p r o p o s e d .  Exo t hermic  chemica l  r e a c t i o n s  
a r e  known t o  h e a t  t h e  s u r f a c e  o f  l a va  l a k e s .  O x i d a t i o n  r e a c t i o n s ,  
ma i n l y  o f  hydrogen  and ca r bon  monoxide ,  p roduce  s i g n i f i c a n t  amounts 
o f  h e a t  ( R i t t m a n n ,  1962) .  P e r haps  such r e a c t i o n s  o c c u r  d u r i n g  and 
a f t e r  t r a n s p o r t .  However,  Ross and Smi th (1961) c o n s i d e r  t h e  amount 
o f  s e c o n d a r y  h e a t  i n s i g n i f i c a n t  o r  u n n e c e s s a r y .  Rapid d e p o s i t i o n  and 
i n s u l a t i o n  o f  s u r r o u n d i n g  a s h - f l o w  t u f f  i s  s u f f i c i e n t  f o r  we l d i ng  
o f  i n n e r  l a y e r s .
The g e o l o g i c  c o n d i t i o n s  t h a t  a l l o w  r h y o l l t i c  vo l can i s m and 
t h e  e m i s s i o n  o f  a s u p p o s e d l y  g a s - e m i t t i n g  c l o u d ,  a r e  d i f f i c u l t  t o  
e x p l a i n .  H a r r i s  and o t h e r s  ( i n  Newall  and R a s t ,  1970) s p e c u l a t e  t h a t  
a f l u i d i z e d  s y s t e m c o n t a i n i n g  t h e  e s t i m a t e d  4% w a t e r  c o n t e n t  must  
have been g e n e r a t e d  a t  a d ep t h  o f  4 km. P o s s i b l y  i t  began d i r e c t l y  a t  
a magma chamber ,  and then  a s ce nd ed  r a p i d l y  t h rough  a ve r y  wide  v e n t .
They me n t i on  i g n i m b r i t e s  as  p r o d u c t s  o f  “ e x p l o s i v e  plutonism** (p .  194) .  
S i m i l a r l y ,  U s t i y e v  ( i n  Cook,  1966,  p.  52) s t a t e s  '*. . • i g n i m b r i t e s  
can be c o n s i d e r e d  a p é t r o g r a p h i e  f a c i e s ,  p l a y i n g  t he  r o l e  o f  i n t e r ­
m e d i a t e  l i n k  be tween v o l c a n i c  and p l u t o n i c  p r o c e s s e s ,  r e l a t e d  t o  
g r a n i t o i d  magma.** The r e  have  been a t t e m p t s  t o  r e l a t e  i g n i m b r i t e  f i e l d s  
w i t h  s u b j a c e n t  g r a n i t i c  p l u t o n s  (Hami l ton and Meyers ,  1967) .  I t  i s  
s t i l l  a c o n t r o v e r s i a l  s u b j e c t  ( Kl ep p e r  and o t h e r s ,  1971) .
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PETROGRAPHY OF THE VOLCANIC ROCKS
INTRODUCTION
In d e f i n i n g  t h e  v a r i o u s  v o l c a n i c  rock u n i t s ,  an a t t e m p t  was 
made t o  c o r r e l a t e  t h e  u n i t s  used by H. Smedes in mapping o t h e r  p a r t s  
o f  t h e  Lowland Creek v o l c a n i c s .  However,  i t  was n e c e s s a r y  t o  modi fy 
t h e  u n i t s  due t o  a number o f  f a c t o r s .  The v a r i a t i o n  in l ava  f l o w s ,  
t h e  a b se n c e  o f  s t r a t i g r a p h i e  r e l a t i o n s h i p s ,  and e r o s i o n  made d e t e r ­
m i n a t i o n  o f  t h e  c h r o n o l o g i c a l  o r d e r  Incompl e t e  and c o r r e l a t i o n  u n c e r t a i n  
F i g u r e  4 o u t l i n e s  t h e  two s t r a t i g r a p h i e  s e c t i o n s  in d i s c u s s i o n .
I n s t e a d  o f  u s i ng  lower  and uppe r  l a va  u n i t s ,  t h e  d i s t i n c t i o n  
was b a se d  on t h e  p e r c e n t  o f  p h e n o c r y s t s .  The vi t r o p h y r e  u n i t  i s  
c o n s i d e r e d  a l e s s  d e v i t r i f i e d  p a r t  o f  t h e  p o r p h y r i t i c  l ava  u n i t .  The 
we lded  t u f f ,  b r e c c i a ,  and b a s a l  u n i t s  were  n o t  changed from t h e i r  
o r i g i n a l  use  by Smedes.  An a n d e s Î t e - b a s a l t  u n i t  was c r e a t e d  f o r  two 
un i que  f l o w s ,  one  be i ng  f o r e i g n  t o  t h e  Lowland Creek v o l c a n i c s .
S p e c t r o g r a p h ! c  a n a l y s e s  r e v e a l e d  a f a r  h i g h e r  p o t a s s i u m  
c o n t e n t  than  a c c o u n t e d  f o r  by m i n e r a l s  i d e n t i f i e d  in t h i n  s e c t i o n  
( t a b l e  1) .  A p p a r e n t l y  t h e  f i n e  g r a i n e d  m a t r i x  c o n t a i n s  much p o t a s s i u m 
f e l d s p a r  and p r o b a b l y  q u a r t z  ( o r  t r i d y m i t e ,  c r i s t o b a l i t e ) .  Chemical  
a n a l y s e s  in e a r l i e r  s t u d i e s  have s i m i l a r l y  shown a h i g h e r  p o t a s s i u m  
c o n t e n t  as  w e l l  as a h i g h e r  s i l i c a  c o n t e n t  t han  o p t i c a l l y  o b s e r v e d .
Thus ,  t h e  rocks  t h a t  a p p e a r  t o  be a n d é s i t e s  a r e  a c t u a l l y  q u a r t z  l a t i t e s ,
21
22
TIu1000
3 0 0 —Tl VT B Til
4 0 0
6 0 0
FTE-
T lw
3 0 0 0
T it
5 0 0
F(?)E-
HW. Smedes 1962
TIa8 0
Tip1000
e tTE- 2606 5 0
Tib
Tb
2 5 0 0
T lw
9 8 0
This study
F i g u r e  4 .  Diagrammat i c  c om p o s i t e  s e c t i o n s  o f  Lowland Creek 
v o l c a n i c s  and c o r r e l a t i o n  of  t h e  u n i t s .  E = e r o s i o n ,  F= 
f a u l t i n g ,  T = t i l t i n g :  maximum t h i c k n e s s e s  g iven  in f e e t
UNITS
T l a 1a t i  t e - a n d e s  i t e
Tlu u pp e r  l ava Ti p p o r p h y r i t i c  l ava f low
Tl v vi  t r o p h y  re
T i l lower  l ava T i l l a m i n a t e d  l a v a  f low
Tb b a s a l t
T i b b r e c c i  a Ti b b r e c c i a
Tlw welded  t u f f Tlw welded  a s h - f l o w  t u f f
T i t b a s a l  u n i t T i t t u f f a c e o u s  wacke
T able 1 . S p ec tro g ra p h ic  A n alyses fo r  P otassium  in  T e r t ia r y  V o lc a n ic  Rocks 
(a n a ly s t :  Joseph B e a l l  u s in g  USGS Standard BCR-1)
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la v a  flo w
lam in ated  
la v a  flow
lam in ated  
la v a  flo w
w elded a sh -  
flo w  t u f f
p o r p h y r it ic  
la v a  flo w
a n d e s i t e -
b a s a l t
lo c a t io n S E l /4 ,s e c .3 6 ,  
T .4N . ,R.11W.
S W l/4 ,se c .lO ,
T.3N .,R .11W .
S W l/4 ,s e c .3 5 , 
T .4N . ,R.11W.
NE1 / 4 , s e c . 11 , 
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o r  r h y o d a c î t e s  as t hey  a r e  c a l l e d  in t h i s  p a p e r  ( c l a s s i f i c a t i o n  o f  
S t r e c k e i s e n ,  1967) .  A summary o f  m i n e r a l  c o m po s i t i o n  f o r  Lowland 
Creek  v o l c a n i c s  in t h e  s t u d y  a r e a  is  p l o t t e d  in f i g u r e  5.
TUFFACEOUS WACKE UNIT
The b a s a l  u n i t  c o n s i s t s  o f  s e d i m e n t a r y  rock  o f  v o l c a n i c  
m a t e r i a l  w i t h  some p r e v o l c a n i c  rocks  in a m a t r i x  o f  c l a y  and s i l t .  
Bedding i s  d e f i n e d  by t h e  s o r t i n g  o f  g r a i n  s i z e s  i n t o  l a y e r s  I t o  
5 i nches  t h i c k .
F i ve  t o  20% o f  t h e  rock  i s  l i t h i c  d e t r i t u s .  I t  i s  g e n e r a l l y  
sand s i z e  o r  s m a l l e r ,  w i t h  l o c a l  o c c u r r e n c e s  o f  p e b b l e  t o  c ob b l e  s i z e  
( d i a m e t e r  o f  a b ou t  I t o  8 cm) in t h e  more c o n g l o m e r a t i c  b e d s .  The 
l a r g e r  p i e c e s  a r e  commonly q u a r t z i t e ,  v o l c a n i c s ,  s i  I t s  t o n e ,  o r  l ime­
s t o n e .  T h i s  r e p r e s e n t a t i o n  o f  c o u n t r y  rock c o n t r a s t s  w i t h  the  
e a s t e r n  s i d e  o f  t h e  Lowland Creek  v o l c a n i c  f i e l d  where  q u a r t z  monzon î t e  
and l a t l t e  form t h e  i n c l u s i o n s .
The m a j o r i t y  o f  t h e  g r a i n s  in t h e  O. l  t o  2 . 0  mm range  a r e  
f r a g m e n t a l  t o  e u h e d r a l  ( b e t a )  q u a r t z  and p l a g i o c l a s e  w i t h  l e s s e r  
amounts  o f  s a n î d i n e  and a l t e r e d  b i o t i t e .  The p l a g i o c l a s e ,  commonly 
a n d e s i n e ,  i s  more a l t e r e d  in t h e  t u f f a c e o u s  wacke t han  in o t h e r  u n i t s .
In one  o u t c r o p  in s e c .  33,  a l l  t h e  f e l d s p a r s  have been r e p l a c e d  by 
k a o l i n i t e  and a z e o l i t e .  For  most  o t h e r  r o c k s ,  p l a g i o c l a s e  in t h i n  
s e c t i o n  i s  p a r t l y  a l t e r e d  t o  s e r î c î t e  and c a l c i t e .  B i o t i t e ,  where  
p r e s e n t ,  i s  deformed and e xpand i ng  a long  t h e  c l e a v a g e  in t h e  manner  o f  
v e r m i c u l i t e .  The way in which  i t  o f t e n  bends  a round  o t h e r  f r agmen t s  
s u g g e s t s  p o s t  depos i  t i o n a I  compac t ion  ( f i g u r e  6 ) .
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F igu re  5 , Range o f  v o lc a n ic  rock  ty p e s  in  th e  stu d y  area  
( c l a s s i f i c a t i o n  o f  S t r e c k e is e n , 1967)
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F ig u re  6 .  Photom icrograph o f  tu ffa c e o u s  wacke
w ith  eu h ed ra l and fra gm en ta l q u a r tz , a l t e r e d  fe ld s p a r ,
and deform ed, s p l i t  b i o t i t e  (lOX, s l i d e  2 4 - 2 ,3 5 ) .
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The abundance  o f  u n s t a b l e  m i n e r a l s ,  t he  a n g u l a r i t y  o f  g r a i n s ,  
and t h e  poor  s o r t i n g  i n d i c a t e s  l i t t l e  t r a n s p o r t a t i o n  o f  t he  d e t r i t u s  
p r i o r  t o  d e p o s i t i o n .  Wea thered  g r a n o d i o r i t e  a pp ea r s  n o t  t o  be a 
ma j o r  c o n t r i b u t o r  t o  d e t r i t u s .  Most  m i n e ra l  g r a i n s  a r e  o f  v o l c a n i c  
o r i g i n  as  i n d i c a t e d  by c l e a r ,  e u h e d r a l  q u a r t z  and c o n c e n t r i c  zon ing  
in some p l a g i o c l a s e .
The a p h a n i t i c  and s emi - i s o t r o p i c  m a t r i x  a lmos t  a lways s u p p o r t s  
t h e  c o a r s e r  f r a g m e n t s ,  t hus  p r e c l u d i n g  t h e  name “ s a n d s t o n e ” . The 
amount o f  m a t r i x  r anges  from 35 t o  60Z and a s a n d s t o n e  becomes a 
wacke when t h e  m a t r i x  exceeds  15% ( P e t t i J o h n , 1957) .  V o l c a n i c  o r  
t u f f a c e o u s  wacke o r  reworked t u f f  would be an a p p r o p r i a t e  name; 
t u f f a c e o u s  s a n d s t o n e  o r  s i  I t s  t o n e  mi gh t  be a c c e p t a b l e  in some c a s e s .
E s p e c i a l l y  a t  one l o c a l i t y  in s e c s .  24 and 25 ,  T . 4 n . ,  R . 1IW. , 
t h e  m a t r i x  has  been h a r de ne d  by s i l i c i f i c a t i o n  p r o b a b l y  due t o  d e v i t r i ­
f i c a t i o n  and a l t e r a t i o n  o f  an o r i g i n a l l y  ashy m a t r i x .  In l e s s  r e s i s t a n t  
rocks  t h e  m a t r i x  may be p a r t i a l l y  c a l c i t e  ( NEl /4 ,  s e c .  33,  T . 4 N . ,
R . l l W. )  o r  z e o l i t e  (NWl/4,  s e c .  33,  T . 4 N . ,  R . l l W . ) .  One ve ry  smal l  
o u t c r o p  in t h e  S E l / 4 ,  NEl /4  o f  s e c .  24 i s  a f i n e  g r a i n e d  g ray  t u f f  
c o n t a i n i n g  a few q u a r t z  p h e n o c r y s t s  and u n i d e n t i f i a b l e  f o s s i l  p l a n t  
f r a g m e n t s .
The t u f f a c e o u s  wacke u n i t  i s  r e c o g n i z e d  by i t s  s e d i m e n t a r y  
n a t u r e  and i t s  p o s i t i o n  a t  t h e  b a se  o f  t h e  v o l c a n i c  s eq ue n c e .  Based 
on map c a l c u l a t i o n s ,  a maximum t h i c k n e s s  o f  abou t  980 f e e t  i s  found 
in s e c .  34,  T . 4 n . ,  R. l lW.
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WELDED ASH-FLOW TUFF UNIT
A sh - f l o w t u f f s  and r e l a t e d  beds  form t h e  t h i c k e s t  and most  
w i d e s p r e a d  u n i t  in t h e  s t u d y  a r e a  and in the  e n t i r e  v o l c a n i c  f i e l d .
The p r e s e n t  maximum t h i c k n e s s  has  been measured  as 3000 f e e t  by 
Smedes (1962) and by C s e j t e y  (1 9 6 3 ) .  Approx i ma t i ons  In t h e  a r e a  o f  
s t u d y  a r e  up t o  2500 f e e t .
The w h i t e ,  g r a y ,  o r  g r e e n  rock i s  t y p i c a l l y  mass ive  w i t h  
l a p i l l i  o f  s i m i l a r  rock b u t  u s u a l l y  o f  a d i f f e r e n t  c o l o r  such as  
w h i t e ,  p a l e  y e l l o w ,  o r  p i n k .  These  pumice f r agmen t s  e x p r e s s  t he  
d e g r ee  o f  w e l d i n g  by t h e i r  amount  o f  f l a t t e n i n g  and d i s t o r t i o n .  From 
compar i son  w i t h  d e s c r i p t i o n s  and p ho to g r ap hs  by R. L. Smi th ( I 960) ,  
t h e  maximum e x t e n t  o f  w e l d i n g  was d e t e r m in e d  t o  be p a r t i a l  r a t h e r  
t h a n  e x t r e m e .  Compact ion f o l i a t i o n  was d e ve l o p e d ,  and t h e r e  was 
s u f f i c i e n t  w e l d i n g  s o  t h a t  t h e  rock b r e a k s  t h rough  pumice f r agmen t s  
and n o t  a r ound  them.  L a p i l l i  a r e  f l a t t e n e d  but  n o t  s t r e a k e d  o u t .
F l a t t e n e d  f r ag me n t s  i mpa r t  a e u t a x l t i c  s t r u c t u r e  t o  t h e  rock 
and a l l o w  t h e  a t t i t u d e  o f  t h e  d e p o s i t  t o  be measured .  Wea the r ing  
e mp h as i z e s  t h e  g e n e r a l  a t t i t u d e  by removing t h e  f r agmen t s  and l e a v i n g  
r ough ,  f l a t t e n e d  h o l e s  t h a t  r e semb l e  v e s i c l e s .  Wi th in  a few inches  
b e n e a t h  t h e  s u r f a c e ,  f r ag me n t s  a p p e a r  in p l a c e  o f  t h e  p s e u d o v e s i c l e s .
La rge  s c a l e  z on i ng  o f  d i f f e r e n t i a l  w e l d i n g  w i t h i n  t h e  we lded  
a s h - f l o w  t u f f  was n o t  o b v i o u s .  Th e r e  were  m u l t i p l e  c o o l i n g  u n i t s  
and o n l y  p a r t i a l  w e l d i n g  a t t a i n e d .  Clay f o r m a t i o n  has  somewhat  
d e - e m p h a s i z e d  t h e  z o n i n g .  T e x t u r a l  v a r i a t i o n s  do o c c u r ,  bu t  no 
a t t e m p t  was made t o  r e l a t e  them t o  z o n e s .  Such v a r i a t i o n s  i n c l u d e  
b r e c c i a s ,  l i t h i c  t u f f s ,  changes  in a l t e r a t i o n ,  and t h i n  beds  o f  
a s h - f a l l  t u f f  and o f  reworked t u f f .
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Only r a r e  p i e c e s  o f  g l a s s  a p p e a r  in t h i n  s e c t i o n  as i n d i c a t e d  
by p e r i l  t i c  t e x t u r e  ( f i g u r e  7 ) .  O t h e r w i s e ,  t h e  e n t i r e  p o r t i o n  o f  t he  
rock t h a t  was once  g l a s s  has d e v i t r i f i e d  and t u r n e d  t o  c l a y s .  The 
d u l l  w h i t e  t o  g r a y  c o l o r  i s  due t o  m i x e d - l a y e r e d  111i t e - m o n t m o r i 1 I o n i t e  
c l a y ,  w h i l e  t h e  g r e e n  c o l o r s  a r e  caus ed  by c h l o r i t e s ,  some c e l a d o n i t e  
( d e t e r m i n e d  by X- ray  d i f f r a c t i o n ) ,  and o t h e r  u n i d e n t i f i e d  m i n e r a l s .
Sha r d  s t r u c t u r e  has  been d e s t r o y e d  e x c e p t  in one smal l  a r e a  o f  unwelded 
t u f f  in t h e  SWl/4 o f  s e c .  26 ,  T , 4 N . ,  R,11W,
The rock  w e a t h e r s  t o  s and  and d u s t  t h a t  e n co ur ag e s  f o r m a t i o n  o f  
g u l l i e s ,  e s p e c i a l l y  s i n c e  most  o f  t h e  s l o p e s  a r e  s p a r s e l y  v e g e t a t e d .
The m a j o r  e x c e p t i o n  i s  a d a r k e r  v a r i e t y  o f  welded  a s h - f l o w  t u f f  t h a t
forms peaks  in s e c s ,  2 and 11,  T . 3 N . ,  R,11W,
Compared t o  o t h e r  a s h - f l o w  t u f f s ,  t h e  u n i t  i s  r i c h  in pheno­
c r y s t s .  In o r d e r  o f  abundance ,  t h e  m i n e r a l s  a r e  p l a g i o c l a s e ,  q u a r t z ,  
b i o t i t e ,  and h o r n b l e n d e .  R ar e l y  s a n i d i n e  a pp e a r s  in amounts up t o  10 
o r  15%. Q u a r t z  and p l a g i o c l a s e  c r y s t a l s  and f r agment s  commonly compr i se  
40 t o  50% o f  t h e  r o c k .  The l a r g e r  c r y s t a l s  o f  1 ,0  t o  2 , 5  mm long 
t e n d  t o  be e u h e d r a l ,  whe rea s  t h e  more common s i z e  a round  0 ,1 t o  0 , 7  mm
long a r e  f r a g m e n t a r y .  Some o f  t h e  p l a g i o c l a s e  i s  zoned ,  and most  o f
t h e  q u a r t z  i s  rounded and embayed,  B i o t i t e  and h or n b l e n de  make up 
1 t o  7% o f  t h e  r o c k ,  w i t h  an a v e r a g e  a round 4%, G e n e r a l l y ,  t h e  m a f i c  
m i n e r a l s  a r e  in a l e s s  a l t e r e d  c o n d i t i o n  t han  in t h e  l ava  f low u n i t s ,  
P l e o c h r o i c  c o l o r s  f o r  b i o t i t e  a r e  l i g h t  y e l l o w  (X) and d a r k  
brown ( Z ) , For  h o r n b l e n d e ,  t h e  c o l o r s  a r e  l i g h t  g r e e n  ( X ) , o l i v e  
g r e e n  t o  medium brown ( Y ) , and g r e e n  ( 2 ) ,  The g r e e n s  become y e l l o w i s h  
when t h e  Y d i r e c t i o n  i s  brown.  These  c o l o r s  a pp l y  f o r  a l l  t h e
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F ig u re  7 . Photom icrograph o f  w elded a sh -f lo w  t u f f  
c o n ta in in g  c r y s t a l s  and fragm ents o f  p la g io c la s e ,  
q u a r tz , b i o t i t e ,  and hornblende in  a c la y - r ic h  m a tr ix . 
R arely  found i s  dev i t r i f i e d  g la s s  th a t  appears h ere  
w ith  p e r l i t i c  crack s (lOX, s l i d e  1 0 - 2 ,1 9 ) .
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v o l c a n i c  rock  u n i t s  e x c e p t  in r a r e  c a s e s  w i t h  r e d d i s h  brown 
o x y h o r n b 1ende and d a r k  g r ee n  b i o t i t e  in a rock w i t h  c a l c i t e  a l t e r a t i o n .  
The m a t r i x  i s  v ague l y  i s o t r o p i c  and s a l t e d  w i t h  b i r é f r i n g e n t  
g r a i n s .  Sha rd  s t r u c t u r e  i s  p o o r l y  p r e s e r v e d .  An X- ray  s p e c t r o g r a p h i c  
a n a l y s i s  o f  a t y p i c a l  sample  r e v e a l e d  a K^O c o n t e n t  o f  3.3% ( t a b l e  1) .  
C o n s i d e r i n g  t h i s  and t h e  amount o f  v i s i b l e  q u a r t z ,  t h e  rock must  be 
a r h y o d a c i t e .  Most  o f  t h e  p o t a s s i u m  i s  presumably  now in c l a y s  and 
in any r e ma i n i ng  f i n e  g r a i n e d  p o t a s s i u m  f e l d s p a r  t h a t  c r y s t a l l i z e d  
from t h e  o r i g i n a l  g l a s s .
One t u f f  ( f rom s e c .  33,  T . 4 N , ,  R . l l W . ) ,  t h a t  was e x c e p t i o n a l l y  
ha rd  and c r y s t a l l i n e ,  c o n t a i n e d  s a n i d i n e  in amounts o f  10 t o  15% o f  
t h e  r o c k .  I t  o c c u r r e d  as l a r g e  p h e n o c r y s t s  w i t h  i n c l u s i o n s  o f  p l a g i o ­
c l a s e ,  some b i o t i t e ,  and r a r e l y  z i r c o n ,  s ph en e ,  o r  a p a t i t e .
In t h e  s o u t h w e s t e r n  c o r n e r  o f  t h e  s t u d y  a r e a  l i e s  a more 
r e s i s t a n t ,  d a r k e r - c o l o r e d  v a r i a t i o n  o f  we lded  a s h - f l o w  t u f f .  I t  i s  
b rowni sh  g r a y  and w e a t h e r s  t o  brown.  S u b t l e  l a y e r i n g  e x i s t s  in 
a d d i t i o n  t o  t h e  f l a t t e n e d  t u f f  f r a g m e n t s .  J o i n t i n g  i s  t y p i c a l  as we l l  
as  x e n o l i t h s  o f  n o n v o l c a n i c  ro c k .  The b i o t i t e  p l u s  h o r n b l e n d e  c o n t e n t  
o f  5 t o  1% i s  above a v e r a g e .  The s i g n i f i c a n c e  o f  t h i s  rock  v a r i a t i o n  
i s  t h a t  s u b u n i t s  can be r e c o g n i z e d  in t h e  we lded  t u f f .  More s u b u n i t s  
a r e  s u r e  t o  be found w i t h  c l o s e r  s t u d y .
BRECCIA UNIT
The b r e c c i a  u n i t  i s  t h e  l e a s t  w e l l  d e f i n e d ,  and may n o t  be 
c o r r e l a t i v e  t o  t h e  b r e c c i a  u n i t  d e s c r i b e d  by Smedes,  T h i s  u n i t  does 
no t  i n c l u d e  t h e  b r e c c i a t e d  p a r t s  o f  l a va  f lows  o r  t h e  s e d i m e n t a r y
32
v o l c a n i c  b r e c c i a  in t h e  b a s a l  u n i t ,  i t  has  an ashy o r  t u f f a c e o u s  
m a t r i x  w i t h  b l o c k s  o f  f low rock t h a t  r e semble  t h e  p o r p h y r i t i c  f low 
rocks  o f  a l a t e r  u n i t , s u g g e s t i n g  t h a t  vo l can i sm i s  resumed w i t h  
v e n t  e x p l o s i o n s  f o l l o w e d  by l a va  f l o w s .  Angula r  g r a y ,  g r e e n ,  and 
maroon b l o c k s  r ange  in s i z e  up t o  s e v e r a l  f e e t  in l e n g t h .
The road c u t  a t  t h e  C o n t i n e n t a l  Div ide  on Montana 274 
r e v e a l s  a good o u t c r o p  o f  p o o r l y  s o r t e d  b r e c c i a  which a p pe a r s  t o  be 
a d e p o s i t  from a l a h a r .  The c o n t a c t  c ou l d  n o t  be t r a c e d  beyond t h e  
road c u t .  A no th e r  s m a l l ,  more c o n s o l i d a t e d  o u t c r o p  l i e s  j u s t  e a s t  o f  
Sugar  Loaf  Moun t a i n .  No doubt  more o u t c r o p s  have been o v e r l o o k e d .  
Weathered  m a t r i x  o f  t h e  b r e c c i a  r e sembl e s  w e a t h e r e d ,  u n d e r l y i n g  t u f f s ;  
f o r e i g n  r ock  f r a g me n t s  a r e  common 1 y s c a t t e r e d  a b o u t .  A c o n c e n t r a t i o n  
o f  p e b b l e s  o v e r  a f l a t  a r e a  in s e c .  17,  T . 3 N . ,  R. l lW.  c o u l d  be w e a t h e r e d  
b r e c c i a  as  w e l l  as  t r a n s p o r t e d  f r ag me n t s  from t h e  p o r p h y r i t i c  f low 
b r e c c i a  c a pp in g  an a d j a c e n t  h i l l .
LAMINATED LAVA UNIT
Rock t y p e s  o f  t h i s  l a va  u n i t  a r e  p h e n o - a n d e s i t e s  t o  pheno~ 
q u a r t z  a n d é s i t e s ,  b a s e d  on m i n e r a l s  i d e n t i f i e d  in t h i n  s e c t i o n .  Only 
one s ampl e  c o n t a i n e d  enough s a n i d i n e  p h e n o c r y s t s  t o  be a p h e n o - l a t l t e  
( C l a s s i f i c a t i o n  o f  S t r e c k e i s e n ,  1967) .  However ,  X- ray  s p e c t r o g r a p h i c  
a n a l y s i s  r e v e a l s  a p o t a s s i u m  c o n t e n t  o f  o v e r  3% in t h e s e  rocks  
( t a b l e  1 ) .  The f i n e  g r a i n e d  m a t r i x  c ou ld  c o n t a i n  s u f f i c i e n t  p o t a s s i u m 
f e l d s p a r  (and q u a r t z )  f o r  t h e  rock  t o  be c l a s s i f i e d  as  a d a c i t e  o r  
a r h y o d a c i t e  i n s t e a d  o f  a l a t i t e - a n d e s i t e  o r  a l a t i t e .  Chemical  
a n a l y s e s  o f  s i m i l a r  l a v a  f lows  e l s e w h e r e  in t h e  v o l c a n i c  f i e l d  u s u a l l y
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i n d i c a t e  r h y o d a c î t î c  c o m p o s i t i o n .
The most  common c h a r a c t e r i s t i c  in o u t c r o p s  o f  t h i s  l ava  u n i t  
i s  a p l a n a r  f l ow l a m i n a t i o n  t h a t  c a u s e s  t h e  rock t o  s p l i t  i n t o  many 
l a y e r s  l e s s  t h a n  an inch t h i c k .  Th i s  s p l i t t i n g  h a s t e n s  w e a t h e r i n g  
which  p r o d u c e s  a p u r p l i s h  t o  d a r k  r e d d i s h  brown c o l o r .  The r a r e l y  
s ee n  unwe a t he re d  c o l o r  v a r i e s  from l i g h t  t o  d a r k  g r a y .
Orange c r y s t a l s  o f  i r o n - s t a i n e d  h e u l a n d i t e  ( i d e n t i f i e d  by 
o p t i c s  and by X- ray  d i f f r a c t i o n )  c o ve r  f r a c t u r e  s u r f a c e s ,  b u t  t h e  
z e o l i t e  does  n o t  r e p l a c e  m i n e r a l s  a s  in f lows  o f  t h e  p o r p h y r i t i c  l ava  
u n i t .  The e x c e p t i o n  i s  a p o r t i o n  o f  t h e  f low b a s e  on peak 6 7 8 1 in 
s e c .  4 ,  T . 3 N . ,  R . l l W . ,  which i s  e x t e n s i v e l y  a l t e r e d  t o  h e u l a n d i t e ,  
i r o n  o x i d e ,  and some c a l c i t e .
The o u t c r o p s  o f  l a m i n a t e d  f l ow rock a r e  found in t h r e e  
l o c a l i t i e s .  One a r e a  c o n s i s t s  o f  remnant  p a t c h e s  a round  t h e  Madison 
l i m e s t o n e  o u t c r o p  o f  s e c s .  32 and 33,  T . 4 N . ,  R . l l W . ,  and s e c .  4 ,
T3N. ,  R . l lW.  The rock in s e c .  32 i s  e s p e c i a l l y  f r a c t u r e d  as  i f  l o c a t e d  
in a f a u l t  z on e .  S l i c k e n s i d e s  a r e  b r i g h t l y  c o l o r e d  w i t h  red  i ron  
s t a i n s  and u n i d e n t i f i e d  g r e e n  m i n e r a l s .
In t h i n  s e c t i o n ,  12 t o  20% o f  t h e  rock Is  composed o f  pheno­
c r y s t s ,  m a in l y  o f  r e s o r b e d  p l a g i o c l a s e .  A c o n c e n t r i c  band o f  f i n e  
g l a s s  i n c l u s i o n s  c h a r a c t e r i z e s  p l a g i o c l a s e  in a l l  t h e  l a m i n a t e d  f low 
rocks  ( f i g u r e  8 ) .  Normal and o s c i l l a t o r y  z on i ng  and o c c a s i o n a l ,  c o a r s e  
i n c l u s i o n s  o f  m a t r i x  a r e  o t h e r  p l a g i o c l a s e  t e x t u r e s .  C e n t e r s  o f  f e l d ­
s p a r  m i c r o l i t e s  a r e  commonly r e p l a c e d  by t h e  g l a s s y  m a t r i x .
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F igu re  8 . Photom icrograph o f  p la g io c la s e  p h en o cry sts  
w ith  r e s o r p t io n  zon es in  a lam in ated  la v a  flow  
( 1 2 .5X, s l i d e  3 3 - 1 1 ,6 3 ) .
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Q u a r t z  in rounded ,  rimmed, and embayed p h e n o c r y s t s  compr i s es  
o r  l e s s  o f  t h e  r ock .  M I c r o p he no c ry s t s  t o  c r y s t a l l i t e s  o f  b i o t i t e  
and amp hi bo le  a r e  a l mo s t  a lways  a l t e r e d  t o  I ron o x i d e  and unknown 
f i n e  g r a i n e d  m i n e r a l s .  Oxyhornb1ende and r e d d i s h  brown (Z) b i o t i t e  
a r e  found In some r o c k s ,  A d i s t i n c t i v e  b r i g h t  g reen  m i n e ra l  remains  
t o  be I d e n t i f i e d .  G e n e r a l l y  t oo  f i n e  g r a i n e d  t o  be d e s c r i b e d  o p t i c a l l y .  
I t  may be  a c l a y  m i n e r a l  o r  a c h l o r i t e .  I t  a l s o  o c c u r s  In t h e  g re en  
f low b r e c c i a s  a t  t h e  b a s e  o f  p o r p h y r i t i c  l a v a s .
A r e l a t i v e l y  l a r g e  o u t c r o p  o f  l a mi n a t ed  f low rock l i e s  In 
s e c t i o n s  8 ,  9 ,  10,  and 15,  T . 3 N . ,  R. l lW.  About 90% o f  t h e  rock Is 
m l c r o c r y s t a l I I n e  m a t r i x ,  ma in l y  o f  f e l d s p a r ,  b i o t i t e ,  c h l o r i t e  and 
q u a r t z .  Sphene a l s o  a p p e a r s  In t r a c e  amounts .  Qu a r t z  and b i o t i t e  
as p h e n o c r y s t s  c o n t r i b u t e  3% each  t o  t h e  volume.  P l a g i o c l a s e  
p h e n o c r y s t s  a r e  much l a r g e r  In s i z e  b ecaus e  t h e y  o f t e n  c l u s t e r  t o g e t h e r ,  
forming a d i s t i n c t i v e  g l o m e r o p o r p h y r i t i c  t e x t u r e .  Commonly 5 mm lo n g ,  
t hey  c o n s t i t u t e  a bou t  4 t o  9% o f  t h e  rock .  In t h e  p o r p h y r i t i c  f low 
r o c k s ,  m a f i c  m i n e r a l s  form o c c a s i o n a l  c l u s t e r s ,  but  n e v e r  t h e  f e l d s p a r s .  
The p r e v i o u s l y  me n t i one d  r e s o r p t i o n  zones  on s i n g l e  p l a g i o c l a s e  c r y s t a l s  
and t h e  f low l a m i n a t i o n s  w i t h i n  t h e  rock  a r e  a l s o  common t e x t u r e s .  In 
a d d i t i o n  t o  t h e s e  t e x t u r e s ,  amygdules  t y p i f y  t h e  f low In s e c .  9 ,  T.3N,  
R. l lW.  The l a r g e r  ones  a r e  f i l l e d  w i t h  c h a l c e d o n y ,  o p a l ,  and z e o l i t e .
ANDESITE-BASALT UNIT
B a s a l t s  a r e  n o t  c o n s i d e r e d  p a r t  o f  t h e  Lowland Creek v o l c a n i c s .  
The s i n g l e  o c c u r r e n c e  In t h e  s t u d y  a r e a  p r o b a b l y  o r i g i n a t e d  t o  the  
s o u t h  o r  s o u t h e a s t  where  more b a s a l t s  a r e  found .  The andes I  t e  Is
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a c t u a l l y  a 1 a t î t e - a n d e s i t e  ba sed  on a K̂ O c o n t e n t  o f  t.8% ( t a b l e  1) .
Even i f  t h e  m a t r i x  c o n t a i n s  q u a r t z ,  t h e r e  would no t  be enough t o  make 
t h e  rock a d a c i t e .
;
On a h i l l s i d e  in s e c .  30,  T. 4N. ,  R . l l W . ,  t he  l a t i t e - a n d e s i t e  
o v e r l i e s  t h r e e  o t h e r  v o l c a n i c  u n i t s  in a d d i t i o n  t o  t h e  i n t r u s i v e .  
Benea th  i t s  r e d d i s h  brown w e a t h e r e d  s u r f a c e ,  i t  i s  n e a r l y  b l a c k  t o  
d a r k  g r e e n i s h  g r a y ,  depending  on a l t e r a t i o n .  At t h e  peak o f  t h e  
o u t c r o p  i t  i s  a l t e r e d  t o  g r a y i s h  maroon.  On t h e  w e s t  s i d e  o f  t h e  
o u t c r o p  a r e  y e l l o w i s h  a r e a s  o f  a l t e r e d  rock t h a t  e a s i l y  c rumble  and 
c o n t a i n  g r a n u l e s  o f  q u a r t z ,  1 t o  5 mm a c r o s s .
P h e n o c r y s t s  amount t o  as much as  15%, and 7% i s  t y p i c a l .
The f e l d s p a r  p h e n o c r y s t s  have l a r g e ,  f i n e l y  p o i k i l i t i c  c o r e s .  Up t o  
5% o f  some s ampl es  a r e  q u a r t z  x e n o c r y s t s ,  which a r e  g e n e r a l l y  l a r g e r  
(up t o  3 mm l o n g ) ,  more rounded ,  and s u r r o u n d e d  by a w e l l  formed 
r e a c t i o n  r im o f  c l i n o p y r o x e n e  ( f i g u r e  9 ) .  Ano t he r  6 t o  8% o f  t h e  
r ock  i s  h y p e r s t h e n e  p h e n o c r y s t s  ( f i g u r e  9 ) .  The p a r t i a l l y  c r y s t a l l i z e d  
m a t r i x  c o n s i s t s  o f  p l a g i o c l a s e  m i c r o l i t e s ,  g e n e r a l l y  a n h e d r a l  a u g i t e ,  
and a bo u t  3% m a g n e t i t e .  Wi t h i n  t h e  f l ow a r e  t h i c k ,  w h i t e  a g a t e  v e i n s .  
Fragments  commonly a p p e a r  in f l o a t .
The b a s a l t ,  found in s e c .  35,  T . 4 N . ,  R . l l W . ,  i s  f i n e r  g r a i n e d  
and has  s c o r i a c e o u s  l a y e r s  t owards  t h e  t o p .  V e s i c l e s  a r e  p a r t i a l l y  
f i l l e d  w i t h  g r e e n  s i l i c i c  m a t e r i a l .  The rock  i s  b l a c k  w i t h  a h i n t  o f  
g r e e n  due t o  a l t e r a t i o n  m i n e r a l s .  What a p p e a r s  t o  be t h e  same f low 
f o u r  m i l e s  s o u t h  o f  t h e  a r e a ,  a round  F r e nc h ,  J u l i u s ,  and F i r s t  Chance 
G u l c h e s ,  i s  r e d d i s h  due t o  t h e  r e p l a c e m e n t  o f  o l i v i n e  p h e n o c r y s t s  
by i d d i n g s i t e .
37
F igu re  9 . Photom icrographs o f  th e  l a t i t e -a n d é s it e  
w ith  h y p ersth en e  p h en o cry sts  (top  p h o to , lOX, 
s l i d e  3 0 -1 ,9 5 )  and a q u artz  x e n o c ry s t w ith  a 
pyroxene r e a c t io n  rim (16X, same s l i d e ) .
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F igu re  1 0 . Photom icrograph o f  th e  b a s a l t  w ith  
a t y p ic a l  p r is m a tic  o l i v in e  p h en o cry sts  in  a 
m od era te ly  w e l l  a lig n e d  m atrix  o f  p la g io c la s e  
m ic r o l i t e s  and in te r g r a n u la r  a u g ite  and 
m a g n etite  ( 1 2 .5X, s l i d e  3 5 - 2 ,7 1 ) .
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About  6% o f  t h e  b a s a l t  i s  o l i v i n e  as  p r i s m a t i c  p h e n o c r y s t s ,  
a l l  l e s s  t han  1 ,0 mm long and w i t h i n  .06  to  .25  mm w id e .  P l a g i o c l a s e  
o c c u r s  m a i n l y  in w e l l  a l i g n e d  m i c r o l i t e s .  About 40% o f  t h e  rock i s  
i n t e r g r a n u l a r  a u g i t e ,  and abou t  3% i s  m a g n e t i t e  ( f i g u r e  10) .
The b a s a l t  o v e r l i e s  a s h - f l o w  t u f f  and i s  o v e r l a i n  by a l ami ­
n a t e d  f l ow.  Both f l ows  d i p  a bou t  40® t o  t h e  wes t  e x c e p t  a t  t h e  s o u t h  
end o f  t h e  b a s a l t  o u t c r o p ,  where  i t  s t a n d s  a l mos t  v e r t i c a l l y .
PORPHYRITIC LAVA UNIT
The more p o r p h y r i t i c  r h y o d a c i t e  l a v a s  a r e  h i g h l y  v a r i a b l e  
In a p p e a r a n c e  due t o  t he  d e g re e  o f  d e v i t r i f i c a t i o n  and a l t e r a t i o n ,  
bu t  t h e y  a r e  s i m i l a r  in o v e r a l l  t e x t u r e  and m i n e r a l o g y .  Abundant  
p h e n o c r y s t s  o f  p l a g i o c l a s e  w i t h  some q u a r t z ,  b i o t i t e ,  and h o r n b l e n d e  
l i e  in an a p h a n i t i c  t o  g l a s s y  m a t r i x  c o l o r e d  g r a y ,  maroon,  g reen ,  brown,  
o r  r e d d i s h  brown.  The f l ow remnant s  form p r o m i n e n t ,  commonly j o i n t e d ,  
o u t c r o p s  on peaks  and r i d g e s .  O c ca s i o n a l  f low b a n d i n g ,  c o n t o r t e d  
in p l a c e s ,  i s  d e f i n e d  by t h i n ,  vague bands  o f  l i g h t e r  and d a r k e r  
c o l o r s .  The g r e a t e s t  d i f f e r e n c e s  w i t h i n  and between f lows  a r e  found 
in t h e  n a t u r e  o f  t h e  b a s a l  p o r t i o n s  o f  t h e  f l ows .  These  d i f f e r e n c e s  a r e  
e mphas iz ed  in t h e  d e s c r i p t i o n s  be low.
In one  f low n e a r  Cabbage Gulch in s e c .  26 ,  t h e  ba se  i s  a 
l a y e r  o f  b r e c c i a  and g r e e n  a l t e r a t i o n  up t o  30 f e e t  t h i c k .  Maroon 
f r ag me n t s  o f  f l ow rock l i e  in a s t r i k i n g l y  g r e e n  m a t r i x  o f  t h e  same 
rock  c o n t a i n i n g  a d d i t i o n a l  m i n e r a l s  such  as  c l i n o p y r o x e n e ,  c e l a d o n i t e ,  
and c h l o r i t e  ( ? ) .
The b a s e  o f  t h e  f low in s e c s .  2 and 3 i s  p a l e  g r a y  l i k e  t h e
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u n d e r l y i n g  we lded  t u f f .  A d e f i n i t e  c o n t a c t  was no t  l o c a t e d .  I t  g r a d e s  
upward i n t o  d a r k e r  c o l o r s ,  and w e a t h e r i n g  t u r n s  t he  more exposed  
s u r f a c e s  t o  d a r k  brown.
The g r e a t e s t  v a r i a t i o n  w i t h i n  a f low a p pe a r s  in t h e  NÎ /2  o f  
s e c .  1 and i n t o  t h e  S E l / 4  o f  s e c .  36,  T . 3 N . ,  R. 1IV/. The b a se  o f  t h e  
f low i s  w h i t e  o r  p i nk  and e x t e n s i v e l y  a l t e r e d  t o  h e u l a n d i t e .  More 
v i t r e o u s  m i dd l e  p o r t i o n s  a r e  u s u a l l y  maroon o r  g r e e n .  The l e s s  v i t r e o u s  
t o p  p o r t i o n  i s  r e d d i s h  brown w i t h  i ron  o x i d e  a l t e r a t i o n  in a d d i t i o n  
t o  h e u l a n d i t e .
C e r t a i n  a r e a s  w i t h i n  t h e  b a s a l  p o r t i o n  o f  t h e  f low show t h e  
l e a s t  amount  o f  d e v i t r i f i c a t i o n  o f  any v o l c a n i c  rock  in t h e  s t u d y  a r e a .  
The rock  Is ve r y  h a r d  w i t h  a d a rk  g r a y ,  g l a s s y  m a t r i x  and a g r a i n y  
s u r f a c e  c r e a t e d  by p e r l i t i c  t e x t u r e  and many p h e n o c r y s t s .  The m a t r i x  
c o n t a i n s  d e l i c a t e  p a t t e r n s  and m i c r o l i t e s  t h a t  a p p e a r  in t h i n  s e c t i o n  
( f i g u r e  1 1 ) .  I r r e g u l a r  v e s i c l e s  l i n e d  w i t h  b l u e  c ha l c e d o n y  a r e  
most  a bundan t  in t h i s  p o r t i o n  o f  t h e  f l ow.
The vi t r o p h y  re  d i s p l a y s  an i n t e r e s t i n g  g r a d a t i o n  i n t o  t h e  
o v e r l y i n g  f low v a r i e t y  a t  a s e c l u d e d  a r e a  in t h e  NWÎ/4,  NEl /4  o f  s e c .  1. 
At t h e  b a s e  o f  t h e  o u t c r o p  l i e s  t h e  vi t r o p h y r e  as a m a t r i x  f o r  rounded 
b o u l d e r s  o f  more vi  t r o p h y r e  and l e s s  g l a s s y  v a r i a t i o n s  ( o f t e n  8 t o  10 
i n .  a c r o s s ,  some b o u l d e r s  up t o  2 f t . ) .  For  r ou gh l y  30 f e e t  upward 
t h e  m a t r i x  g r a d e s  i n t o  t h e  r e d d i s h  brown v a r i e t y  and a s o l i d  f l ow.
T h i s  v a r i a b l e  l a va  f low by Wil low Creek i s  u n d o u b t e d ly  t h e  
uppe r  l a v a  u n i t  and t h e  u n d e r l y i n g  v î t r o p h y r e  u n i t  o f  Smedes '  work .
Any o t h e r  f low in t h e  p o r p h y r i t i c  f l ow u n i t  c o u l d  be p a r t  o f  h i s  
lower  l a v a  u n i t .
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» : ' 4 1 jt mJ A ,
F igu re  1 1 . Photom icrograph o f  m ic r o l i t e s  in  v itr o p h y re  
o f  th e  p o r p h y r it ic  la v a  flo w  (125X, s l i d e  3 6 - 4 ,8 7 ) .
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A n o th e r  f low e a s t  o f  Cabbage Gulch ( i n  s e c s .  19,  20 ,  29 and
30) Is  d i s t i n g u i s h e d  by l a r g e r  t han  a ve r ag e  p l a g i o c l a s e  p h e n o c r y s t s ,
up t o  12 mm l o ng .  The g r a y  f low rock c o n t a i n e d  as much as 10% b i o t i t e
and h o r n b l e n d e ;  b o t h  m i n e r a l s  have become b r i g h t  y e l l o w - g r e e n  n o n t r o n i t e
ps eudomor phs . P a l e  o l i v e g r e e n  in t h i n  s e c t i o n ,  i t  has  a semi f i b r o u s
t e x t u r e ,  m o d e r a t e l y  h i gh  b i r e f r i n g e n c e ,  and n e a r l y  p a r a l l e l  e x t i n c t i o n .
I t  Is l e n g t h  s low and b i a x i a l  n e g a t i v e  w i t h  a low 2V, An X-ray
o
d i f f r a c t o g r a m  has.  a b road  14 A peak w i t h  g l y c o l  t r e a t m e n t  o f  t h e  
powdered s ampl e .  O t h e r  p o r p h y r i t i c  f low rocks  c o n t a i n  n o n t r o n i t e  in 
l e s s e r  amounts .
The b a s e  o f  a n o t h e r  ve ry  d i f f e r e n t - l o o k i n g  f low i s  found in 
s e c .  8 ,  w e s t  o f  Route  274.  I t  c o n s i s t s  o f  b o u l d e r s  in t h e  same 
l i t h o l o g i e  m a t r i x ,  a form s i m i l a r  t o  t h e  v i t r o p h y r e .  Al though v i t r e o u s  
in a p p e a r a n c e ,  i t  c o n t a i n s  i r o n  o x i d e  and z e o l i t e  a l t e r a t i o n .  In 
t h i n  s e c t i o n ,  t he  m a t r i x  c o n t a i n s  t h e  usual  p h e n o c r y s t s  b u t  in much 
s m a l l e r  amount s .  Between i t  and t h e  u n d e r l y i n g  l a m i n a t e d  f l ow ,  i s  a 
t h i n  l a y e r  t h a t  r e semb le s  a we lded  t u f f .  Fragments  o f  bo t h  f low 
b r e c c i a s  a r e  found on t h e  s u r f a c e  o f  t h e  same l a m i n a t e d  f low in s e c .
9 on t h e  e a s t  s i d e  o f  Route  274.
Two g r e e n i s h  g r a y  o u t c r o p s ,  t h a t  b l e n d  in w i t h  t he  u n d e r l y i n g  
t u f f ,  a r e  found in s e c .  16 w es t  o f  Sugar  Loaf  Mounta i n .  In h a n d s p e c i -  
men,  t h e  o n l y  e v i d e n c e  f o r  t h e i r  p o r p h y r i t i c  f low c l a s s i f i c a t i o n  i s  
m a f i c  c l u s t e r s  and f ewer  p h e n o c r y s t s  than  most  a s h - f l o w  t u f f s .  The 
r ock  i s  more t y p i c a l  in t h i n  s e c t i o n  and c o n t a i n s  s p h e r u l i  t e s  o f  
c r i s t o b a l i t e  o r  o f  t r i d y m i t e .  Fragments  in a b r e c c i a  j u s t  e a s t  o f  Sugar  
Loaf  look e x a c t l y  t h e  same in t h i n  s e c t i o n .
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F igu re  12 . Photom icrograph o f  s tr ea k ed  m atrix  in  
th e  p o r p h y r it ic  la v a  f lo w . The p a tte r n  may be due 
t o  d i f f e r e n t i a l  d i v i t r i f i c a t i o n . A l l  th e  b i o t i t e  
and hornb lende have been a lt e r e d  t o  opaque iro n  
o x id e  ( 1 2 .5X, s l i d e  8 - 1 ,9 2 ) .
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h
F igu re  1 3 . Photom icrograph o f  s p h e r u l i t i c  m atrix  
in  th e  p o r p h y r it ic  la v a  f lo w . P o s s ib ly  tr id y m ite  
o r  c r i s t o b a l i t e  from d ev i t r i f i e d  g la s s  forms th e  
p a t te r n . A l l  hornblende and m ost o f  th e  b i o t i t e  
have been  r e p la c e d  by a m ixture o f  f in e -g r a in e d  
m in e r a ls . In some f lo w s , n o n tr o n ite  forms th e  
pseudomorphs (1 2 .5 X , s l i d e  2 6 - 7 , 4 6 ) .
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F ig u re  1 4 . Photom icrograph o f  m ic r o c r y s ta l l in e  
m atrix  in  th e  p o r p h y r it ic  la v a  f lo w . M ic r o lit e s  
are n o t a l ig n e d  as in  o th e r  la v a  flo w  u n i t s ,  
w hich in d ic a t e s  th a t  c r y s t a l l i z a t i o n  occu rred  a f t e r  
f lo w a g e . The rea so n s  fo r  d i f f e r e n t  d i v i t r i f i c a t i o n  
p a tte r n s  are n o t known ( 1 2 . 5X, 2 - 3 , 9 0 ) .
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A g r e a t e r  s i m i l a r i t y  among f lows  a pp ea r s  in t h i n  s e c t i o n .
The r a r e l y  a l i g n e d  p h e n o c r y s t s  form 30 t o  40% o f  t h e  rock .  Of t h e  
p h e n o c r y s t s ,  5 / 6  a r e  o l i g o c l a s e - a n d e s i n e .  The o t h e r  1/6 i s  b i o t i t e  
and h o r n b l e n d e  which  a r e  n e a r l y  a lways  r e p l a c e d  by c h l o r i t e ,  p y r o x e ne ,  
i r o n  o x i d e ,  n o n t r o n i t e ,  o r  m a t r i x  m a t e r i a l .  B i o t i t e  and h o r n b l e n de  
form in t h e  magma a t  d e p t h ,  and when p r e s s u r e  and v o l a t i l e  c o n t e n t  
a r e  r e d u c e d ,  t he y  become u n s t a b l e .  According  t o  Ri t tmann ( 1 96 2 ) ,  
g i v e n  enough t i me  d u r i n g  c o o l i n g  o f  t he  l a v a ,  t hey  w i l l  form a s t a b l e  
a s s e m b l a ge  o f  p l a g i o c l a s e  ( s a n i d i n e  from b i o t i t e ) ,  a u g i t e ,  o l i v i n e  
( f rom h o r n b l e n d e ) ,  and m a g n e t i t e .
E x c l u d i n g  t h e  v i t r o p h y r e ,  t h e r e  a r e  t h r e e  g e n e r a l  m a t r i x  
p a t t e r n s .  The most  common i s  n e a r l y  i s o t r o p i c  and s t r e a k e d  w i t h  
m i c r o - f l o w  b and i ng  a round  c r y s t a l s  ( f i g u r e  12) .  O th e r  rocks  show 
a d i s t i n c t  s p o t t i n e s s  i n t e r p r e t e d  as  s p h e r u l i t e s  o f  p o t a s s i um  
f e l d s p a r  and e i t h e r  c r i s t o b a l i t e  o r  t r i d y m i t e  ( f i g u r e  13) .  The 
t h i r d  v a r i e t y  i s  m i c r o c r y s t a l l i n e  as  in t h e  f low a round  Cabbage 
Gulch ( f i g u r e  14) .
VOLCANIC ASH UNIT
The v o l c a n i c  ash  was s ee n  o n l y  in t h e  ma j o r  g u l l y  o f  s e c s ,
19 and 2 0 ,  T . 3 N . , R.1ÎW. A r e c e n t  c u t  f o r  a j e e p  t r a i l  a long  t h e  
power l i n e s  p r o v i d e d  a good e x p o s u r e .  In a r ough l y  15 f o o t  s e c t i o n ,  
which  d i p s  t o  t h e  n o r t h w e s t ,  t h e r e  was a b a se  o f  f i n e ,  b u f f - c o l o r e d  
a s h  o v e r l a i n  by 1 .7 f e e t  o f  o r i e n t e d ,  c o a r s e ,  g r a y  s h a r d s  c o n t a i n i n g  
smal l  bone and wood f r agmen t s  and a c c r e t i o n a r y  l a p i l l i ,  1 t o  4 mm 
in d i a m e t e r .  None o f  t h e  bone f r ag me n t s  were  l a r g e  enough t o  
i d e n t i f y  e x c e p t  f o r  one r o d en t  t o o t h .  The a sh  a l s o  c o n t a i n e d  a few
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rock f r a g m e n t s  and c r y s t a l s  o f  b e t a  q u a r t z ,  b i o t i t e ,  and f e l d s p a r .
Above t h e  l a y e r  w i t h  l a p i l l i  was a l e s s  compacted ash w i t h  
an o c c a s i o n a l  v o l c a n i c  rock f r a g m e n t .  O v e r l y i n g  t h a t  were  t h i n  a l l u v i a l  
beds  o f  a s h ,  s a n d ,  and p e b b l e s .  Old a l l u v i a l  g r a v e l s  and s o i l  formed 
t h e  uppermos t  l a y e r .
The v o l c a n i c  ash u n i t  o v e r l i e s  a p o r p h y r i t i c  l a va  f low t h a t  
i s  p r o b a b l y  e q u i v a l e n t  t o  t h e  uppe r  l a va  u n i t  o f  Smedes* work.  No 
e v i d e n c e  was found t o  s u g g e s t  an upper  age l i m i t  f o r  t h e  a s h .  O l i go cen e  
and Miocene v o l c an  ism was w i d e s p r e a d  in s o u t h w e s t e r n  Montana (Smedes,  
1962; Chadwick,  1972) .  Miocene (?) r h y o l i t i c  v o l c an i sm o v e r l i e s  p a r t s  
o f  t h e  Low1 and Creek v o l c a n i c  f i e l d  ( R u p p e l , 1963) .  An ash  bed o f  
P l i o c e n e  o r  P l e i s t o c e n e  age i s  mapped in t h e  Elk P a rk  q u a d r a n g l e ,  
which i n c l u d e s  t h e  t y p e  l o c a l i t y  f o r  t h e  Lowland Creek v o l c a n i c s .  
However ,  t h e  two a sh  u n i t s  have n o t  been c o r r e l a t e d .
C ha p t e r  5 
SUMMARY OF VOLCANIC ACTIVITY
The Lowland Creek v o l c a n i c s ,  o f  i n t e r m e d i a t e  c o m p o s i t i o n ,  
have been d a t e d  a t  48 t o  50 + 2 m.y ,  on t h e  b a s i s  o f  p o t a s s i u m - a r g o n  
in b i o t i t e s  (Smedes and Thomas,  1965) .  At t he  same t ime  t h e r e  was 
a n d e s i t i c  v o l c a n i s m  100 m i l e s  t o  t he  s o u t h e a s t  in t he  A b s a r o k a - G a l l a t i n  
V o l c a n i c  P r o v i n c e .  T w e n t y - f o u r  m i l l i o n  y e a r s  e a r l i e r ,  El khorn  
Mounta i ns  v o l c a n i c  a c t i v i t y  was t e r m i n a t e d ,  and emplacement  o f  t h e  
Bou l de r  b a t h o l i t h  was n e a r l y  c omp l e t ed .  E r o s i o n  exposed  t h e  b a t h o l i t h  
by t h e  t ime  o f  Lowland Creek v o l c a n i sm  in e a r l y  Eocene.
In t h e  a r e a  o f  s t u d y ,  v o l c a n i c  a c t i v i t y  began w i t h  t u f f  t h a t  
mixed w i t h  p r e - e x i s t i n g  rock  o f  v a r i o u s  ages  t o  p roduce  t u f f a c e o u s  
c o l l u v i a l  and a l l u v i a l  d e p o s i t s .  P r e - v o l c a n i c  r e l i e f  exceeded  1000 
f e e t  j u s t  s o u t h  o f  t h e  s t u d y  a r e a  in s e c s .  11 and 14, N e x t , an 
unknown number o f  voluminous  a s h - f l o w s  c ov e r ed  t h e  a r e a .  T h i n ,  p l u v i a l  
beds  w i t h i n  t h e  d e p o s i t s  i n d i c a t e  s h o r t  p e r i o d s  o f  e r o s i o n  between f l ows .
An i n a c t i v e  p e r i o d  f o l l o w e d ,  d u r i n g  which e r o s i o n  produced  
m o de ra t e  r e l i e f .  Th i s  i s  shown by a 560 f t .  d i f f e r e n c e  in e l e v a t i o n  
be tween b a s e s  o f  l a m i n a t e d  l ava  f l o w ,  s e p a r a t e d  by 1/2 m i l e ,  in Nl / 2  
s e c .  4 ;  and by an 800 f t .  d i f f e r e n c e  between ba s e s  o f  p o r p h y r i t i c  l ava  
f l o w ,  s e p a r a t e d  by 1/2 m i l e ,  in s e c .  3.  A l l u v i a l  d e p o s i t s  found s even  
m i l e s  t o  t h e  e a s t  by Smedes a r e  b e l i e v e d  t o  c o r r e l a t e  w i t h  t h i s  t ime  
i n t e r v a l .  I t  must  have been a s i g n i f i c a n t  span o f  t ime  f o r  a t  l e a s t
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20 f e e t  o f  g r a v e l  t o  accummula te  and then  become t h o r o u g h l y  w e a t h e r e d  
b e f o r e  l a v a s  c o v e r e d  I t  (Smedes,  I962) . Mudflows and o t h e r  r e l a t e d  
e v e n t s  l e f t  d e p o s i t s  o f  u n s o r t e d  t u f f a c e o u s  m a t e r i a l  and b l o c k s  o f  
f low r o c k .  Th i s  p r o b a b l y  o c c u r r e d  when v o l c a n i c  a c t i v i t y  resumed.
In a s econd  a c t i v e  p e r i o d ,  many l ava  f lows e r u p t e d ,  bu t  t h e r e  
I s  l i t t l e  e v i d e n c e  w i t h i n  t h e  a r e a  o f  s t u d y  f o r  t h e i r  c h r o n o l o g i c a l  
o r d e r .  The l a m i n a t e d  f lows  a p p e a r  t o  c o r r e l a t e  w i t h  Smedes'  lower  
l ava  u n i t .  Some, I f  n o t  a l l  o f  t h e  p o r p h y r i t i c  l avas  r e semble  h i s  
u ppe r  l a v a  u n i t .  Nowhere does  a l a mi n a r  l a va  f low o v e r l i e  a p o r ­
p h y r i t i c  l a v a  f low.  The o l i v i n e  b a s a l t ,  from o u t s i d e  t he  Lowland 
Creek v o l c a n i c  f i e l d ,  u n d e r l i e s  a l a mi n a r  l a va  f l ow ,  and t h e  
l a t l t e - a n d e s l t e  o v e r l i e s  a p o r p h y r i t i c  l a va  f l ow.  At some unknown 
t ime  be tween Eocene and P l e i s t o c e n e ,  v o l c a n i c  ash was d e p o s i t e d .
I t  Is  c o v e r e d  by a l l u v i a l  g r a v e l s  from t h e  P l e i s t o c e n e  o r  e a r l i e r .  
Th r oughou t  t h e  v o l c a n i c  a c t i v i t y ,  f a u l t i n g  and e r o s i o n  
removed p o r t i o n s  o f  t h e  g e o l o g i c  r e c o r d .  For  t h i s  r e a s o n ,  a much 
l a r g e r  a r e a  must  be c o n s i d e r e d  In o r d e r  t o  r e c o n s t r u c t  t h e  v o l c a n i c  
h i s t o r y ,  A more c omp l e t e  and complex h i s t o r y  f o r  t h e  Lowland Creek 
V o l c a n i c s  e l s e w h e r e  has  been worked o u t  by H, Smedes (19^2 ,  1965) .
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